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FOREWORD

This Final Report provides the results obtained in the Shuttle Cryogenics Supply System
Optimization Study, NAS9-11330, performed by Lockheed Missiles & Space Company
(LMSC) under contract to the National Aeronautics and Space Administration, Manned
Spacecraft Center, Houston, Texas. The study was under the technical direction of
Mr. T. L. Davies, Cryogenics Section of the Power Generation Branch, Propulsion
and Power Division., Technical effort producing these results was performed in the
period from October 1970 to June 1973,

The Final Report is published in eleven volumes*:

Volume I — Executive Summary

Volumes II, III, and IV — Technical Report

Volume VA-1 and VA-2 — Math Model — Users Manual

Volume VB-1, VB-2, VB-3 and

BV-4 — Math Model — Programmers Manual
Volume VI — Appendixes

The LMSC Staff participants are as follows:

Study Manager L. L. Morgan
Subsystem Evaluations C. J. Rudey
D. P. Burkholder
C. F. Merlet
. W. H. Brewington
Integrated Systems H. L. Jensen
Component Analyses B. R. Bullard

*The Table of Contents for all volumes appears in Volume I only.
Section 12 in Volume II contains the List of References for Volumes I through IV.
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Section 4

SHUTTLE CONFIGURATIONS

Shuttle configurations were considered to be necessary in order to
establish the range of goemetric factors required for the analysis. The
configurations employed were selected from the concurrent Phase B shuttle
studies. The configurations were selected from delta wing configurations

in February, 1971.

The selected configurations were the North American-Rockwell and the

McDonnell -Douglas high crossrange orbiter.

4.1  ORBIT MANEUVERING PROPELLANT SUPPLY (OMPS)

The Orblt Maneuver Propellant Supply configurations provide a range of
feedline lengths and diameters. Since feedline designs were not available
in sufficient detail to allow detailed evaluations, Lockheed prepared

feedline designs to indicate the location of components.

North American-Rockwell Orbiter - Orbit Maneuvering Propulsion

The NAR orbiter is presented in Figures 4.1-1 and 4.1-3. The LO, feedline
configuration has aft spherical tanks feeding three engines. This con-
figuration provides the longest oxygen feedlines for aft located tanks.
The IHp, tanks are located in a relatively aft location providing the

shortest feedlines.
The feedline configurations prepared for these designs are presented in

Figures 4.1-2 and 4.1-4. The indicated feedline sizes were only the

nominal selected sizes and not those resulting from optimization studies.
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McDonnell -Douglas Orbiter - Orbit Maneuvering Propulsion

The MDC orbiter is presented in Figures 4.1-5 and 4.1-7. The LO, tanks

are aft, providing propellants to two engines. The feedlines provide a
short configuration. The LHo tank is located forward.

The feedline component layouts are presented in Figures 4.1-6 and 4.1-8.

42
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Fig. 4.1-1 NAR Orbiter LO,, OMS Feed/Fill Configuration

2}

KEY

. TANK SHUTOFF VALVE

. 4 IN. LINE - 100 IN. LONG
. 4IN, LINE - 50 IN. LONG

. 4 IN. LINE - 40 IN. LONG
60 DEG ELBOW - 2 PLACES
TEE - 4 IN. TO 3 IN. (3)

. GIMBALLED BELLOWS (9)

. ENGIINE PREVALVE (3)

. PUMP INTERFACE FLANGE (3)
10. 4 IN. LINE - 30 IN. LONG
11. ENGINE SELECTOR VALVE (2)
12. FILLTEE - 3IN. TO 21N,

13. 2 IN. LINE - 80 IN. LONG
14. 45 DEG ELBOW

15. 2 IN. LINE - 110 IN. LONG
18. PRESSURE VOLUME COMPENSATOR
17. FILL SHUTOFF VALVE

18. FILL DISCONNECT

19.-3 IN. SHORT LINE (3)

20, PRESSURE VOLUME COMPENSATOR
21. GIMBALLED BELLOWS

Fig. 4.1-2 NAR Orbiter LO2 OMS Feed/Fill Schematic

-3

LOCKHEED MISSILES & SPACE COMPANY



IMSC-A991396

Fig. 4.1-3 ©NAR Orbiter LH‘2 OMS Feed/Fill Configuration

KEY

. TANK SHUTOFF VALVE (2)

. 4 IN. LINE - 70 IN. LONG (EXP 0.28 IN.)(2)
20 DEG ELBOW (2)

4 1IN, LINE - 90 IN, LONG (EXP 0.37 IN.)

. 4 IN. LINE - 140 IN. LONG (EXP 0.57 IN.)
. 4 IN. LINE - 40 IN. LONG (EXP 1.64 IN.)

. 70 DEG ELBOW (2)

. 3 IN, SHORT LINE (3)

. RESTRAIMNED EXP BELLOWS (3)

10. ENGINE PREVALVE (3)

11. PUMP INTERFACE FLANGE (3)

12. 3 IN. LINE - 30 IN. LONG (EXP 0.12) (2
13. TEE -4 IN. TO 3 IN. (3)

14. GIMBALLED BELLOWS

15, FILL TEE - 4 IN. TO 2 IN.

16. 2 IN. LINE - 60 IN. LONG (EXP 0.25 IN.)}
17. 45 DEG ELBOW

18. 2IN, LINE - 50 IN. LONG (EXP 0,20 IN.)
19. PRESSURE VOLUME COMPENSATOR

20. FILL SHUTOFF VALVE ' ’
21, FILL DISCONNECT

22. PRESSURE VOLUME COMPENSATOR (2)

23. ENGINE SELECTOR SHUTOFF VALVE (2)

24. GIMBALLED BELLOWS

Fig. 4.1-4 NAR Orbiter LH, OMS Feed/Fill Schematic

Ll
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Fig. 4.1-5 MDC Orbiter Lo, OMS Feed/Fill Configuration

KEY

. 40 DEG ELBOW (2)

. 3IN, LINE - 70 IN. LONG (£XP 0,27 IN.) (2
. PRESSURE VOLUME COMPENSATOR (2)

. Y-FITTING - 100 DEG THROAT ANGLE

. FEED/FILL TEE - 3IN. TO 2N,

. ENGINE FEED TEE

. ENGINE PREVALVE (2)

. 3IN. LINE - 75 IN. LONG (EXP 0.28 IN.)
9. 3IN. LINE - 85 IN. LONG (EXP. 0.32 IN.)
10. PIVOTED BELLOWS (2)

11. 90 DEG ELBOW (2)

12. 3IN. LINE - 25 IN. LONG (EXP 0.95 IN,),(2)
13. GIMBALLED BELLOWS (4)

14, PUMP INTERFACE FLANGE (2)

15. FILL SHUTOFF VALVE

16. 2 IN. LINE - 25 IN. LONG (EXP 0.95 IN.)
17. PIVOTED BELLOWS :
18. 90 DEG ELBOW

19. 2 IN, LINE - 40 IN. LONG (EXP 0.15IN.)
20. FILL DISCONNECT

21, GIMBALLED BELLOWS

OCONOC NI WA =

Fig. 4.1-6 MDC Orbiter 1o, OMS Feed/Fill Schematic

-5
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Fig. L.1-7 MDC Orbiter LH2 Feed/Fill Configuration

KEY
SUMP

. 4 IN, LINE - 100 IN. LONG

. 45DEG ELBOW

. PRESSURE VOLUME COMPENSATOR
4 IN, LINE - 690 IN. LONG

. Y-TRANSITION FITTING - 4 IN, TO 3IN.
. ENGINE PREVALVE (2)

. GIMBALLED BELLOWS (6)

. 3N, LINE - 100 IN. LONG

10, 3IN. LINE - 150 IN. LONG

11, 45DEG ELBOW (2)

12. 3IN, SHORT LINE (2)

13. PUMP INTERFACE FLANGE (2)

14, FEED/FILL TEE

15. 2 1IN, LINE - 200 IN. LONG

16. PIVOTED BELLOWS

17. 90 DEG BELLOWS

18. 2IN. LINE - 200 IN. LONG

19. GIMBALLED BELLOWS

20. FiLL SHUTOFF VALVE

21. FILL DISCONNECT

Fig. 4.1-8  MDC Orbiter LH, Feed/Fill Schematic
L-6
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L.2  ORBIT INJECTION PROPELLANT SUPPLY (OIPS)

The Orbit Injection Propulsion supply concepts provide forward and aft
locations for LH, and LOo. Feedline configurations were prepared to

provide a basis for the concept data.

North American-Rockwell Orbiter - Orbit Injection Propulsion

The NAR orbiter is presented in Figures L4.2-1 and 4.2-3. The LOp tanks
are located in the midregion of the vehicle. The LH2 tank is located
forward. This configuration provides the shortest LO, lines and the

longest LH» lines.

The feedline configurations prepared are presented in Figures h.2-2 and

h.2-4, Only approximate feedline sizes are presented.

McDonnell-Douglas Orbiter = Orbit Injection Propulsion

The MDC orbiter employs common bulkhead tanks. The LOp tanks are forward,
providing the maximum feedline lengths. The LHp tanks are aft. The con-

figurations are presented in Figures 4.2-5 and L.2-T.

The feedline configurations with approximate sizes are pfesented in

Figures 4.2-6 and L4.2-8.

Propellant Transfer Systems

At the time these investigations were performed, considerati on was being
given to transfer of propellants from the orbit maneuvering propulsion
supply to the orbit inspection supply for abort conditions. The config-

urations are presented in Figures 4.2-9 through L.2-12.

h-7
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Fig. 4.2-1 NAR High-Crossrange
Orbiter LOo Tankage and
Feedline Configuration

KEY

. SUMP (2)

. 14 IN. LINE - 300 IN. LONG (2)
. PRESSURE VOLUME COMPENSATOR
. FEED/FILL/INTERTANK TEE

. 90 DEG ELBOV/ (2)

. GIMBALLED BELLOWS (4)

. V4 IN. LINE - 140 IN. LONG

. 14 IN. LINE - B?;N. LONG

. 9. 90 DEG ELBOW (2

74 £9, 10. 14 IN. SHORT LINE (2)

11, PIVOTED BELLOWS (2)

12, ENGINE PREVALVE (2)

13. PUMP INTERFACE FLANGE (2)
14, INTERTANK VALVE

15. PRESSURE VOLUME COMPENSATOR
16. 14 IN. LINE - 200 IN, LONG
17. FEED/FILL/INTERTANK JUNCTION
18. FILL SHUTOFF VALVE

19. GIMBALLED BELLOWS

20. 45 DEG ELBOW (2)

21. 8 IN. LINE - 170 IN. LONG

22. PIVOTED BELLOWS

23. FILL DISCOMNECT

24. CHECK VALVE (2)

25. 1IN, SHORT LINE (2)

26. 45 DEG ELBOW (2)

27. 1IN, LINE - 80 iN. LONG

28. 1IN. LINE - 300 IN. LONG (2)
29. 90 DEG ELBOW (4)

30. 1IN. LINE - 140.IN. LONG
31. 1 IN. SHORT LINE (2)

32. GIMBALLED BELLOWS (2)

33. 1 IN. SHORT LINE

VRN AEWN =

Fig. k.2-2 NAR High-Crossrange Orbiter LO2 Tankage and Feedline
Schematic :

4-8
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Fig. 4.2-3 NAR High-Crossrange
Orbiter LHy Tankage and
Feedline Configuration

KEY

. SUMP (2)

- 14 IN. LINE - 70 IN. LONG (EXP 0.29 IN.) (2)

. 45 DEG ELBOW (2)

. PRESSURE VOLUME COMPENSATOR (2)

- 14 IN_ LINE - 680 IN. LONG (EXP 2.90 IN.) (2)

- 14 IN, LINE - B0 IN, LONG (EXP 0.33IN.) (2)

. 90 DEG ELBOW (2)

. GIMBALLED BELLOWS (2)

. 14 IN. LINE - 80 IN, LONG (EXP 0.33IN.)
10. 14 IN. LINE - SAME AS 9 )
11. 90 DEG ELBOW (2)

12. 14 IN.-SHORT LINE (2)

13. GIMBALLED BELLOWS (4)

14, ENGINE PREVALVE (2)

15. PUMP INTERFACE FLANGE

16. FEED/FILL/INTERTANK TEE

17. INTERTANK VALVE

18. PRESSURE VOLUME COMPENSATOR
19. FEED/FILL/INTERTANK JUNCTION

- 20. FILL SHUTOFF VALVE
21. GIMBALLED BELLOWS (2)

22. 8IN. LINE - 170 IN, LONG (EXP 0.70 IN.)
23. PIVOTED BELLOWS

24. 30 DEG ELBOW (2)

25. FILL DISCONNECT

26. PIVOTED BELLOWS (2)

27. 1IN, LINE - 60 IN, LONG (EXP 0.25 IN.).
28. 45 DEG ELBOW .
29. PIVOTED BELLOWS

30. 1IN, LINE - 480 IN. LONG (EXP 2.80 IN.) (2)
3. FEED/FILL TEE

32. 1IN, SHORT LINE

33. ELBOW

34. 1 IN. SHORT LINE

35. GIMBALLED BELLOWS ()

36. 1 IN. SHORT LINE

37. CHECK VALVE

NVONO UL WwN =

Fig. 4.2-4 NAR High-Crossrange Orbiter LH2 Tankage and Feedline
Schematic :

b-9
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o~
X L\
~ - _
\ . ' Fig. b.2-5 MDC High-Crossrange
LOp Tankage and Feedline
\ Configuration
KEY

. 14 IN. SHORT LINE (2)

. 45 DEG ELBOW (2)

. PRESSURE VOLUME COMPENSATOR (2)

« 14 IN, LINE - 700 IN. LONG (EXP 2.65IN.) (2)
. PRESSURE VOLUME COMPENSATOR

. FEED/FILL/INTERTANK TEE

. 45 DEG ELBOW

. GIMBALLED BELLOWS (4)

. 14 1IN, LINE - 120 IN. LONG (EXP 0.46 IN.)
. 45 DEG ELBOW

11. PIVOTED BELLOWS (2)

12. ENGINE PREVALVE

13, 14 IN. LINE - 90 IN. LONG (EXP 0.34 IN.)
14, 14 IN. LINE - 160 IN. LONG (EXP 0.61 IN.)
15. INTERTANK VALVE

16. PRESSURE VOLUME COMPENSATOR

17. FILL/FEED/INTERTANK JUNCTION

18. 8IN. LINE - 120 IN. LONG (EXP 0.46 IN.)

SOONCL L WK —

19. PIVOTED BELLOWS

20. 90 DEG ELBOW

21. 8IN, LINE -~ 180 IN. LONG (EXP 0.69 IN.)
22. GIMBALLED BELLOWS )

23. FILL SHUTOFF VALVE

24. FILL DISCONNECT

25. 1IN, SHORT LINE

26. 45 DEG ELBOW (¢)

27. GIMBALLED BELLOWS (2)

28. 1IN, LINE - 700 IN. LONG (EXP 2.65IN.) (2)
29. LIN, LINE - 90 IN. LONG (EXP 0.34 IN.)
30. 1IN, LINE - 70 IN. LONG (EXP 0.29 IN.) (2)
31. INTERFACE FLANGED FEEDTHRU (2)

32. PIVOTED BELLOWS (2)

33. 1 IN. SHORT LINE (2)

34. CHECK VALVE (2)

35. TIN. LINE - 120 IN. LONG (EXP 0.46 IN.)

Fig. k.2-6 MDC High-Crossrange 1O
Schematic

5 Tankage and Feedline

4-10
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Fig. 4.2-7 MDC High-Crossrange
LHy Tankage and Feedline
Configuration

KEY

. .SUMP - FUEL (2)

-4 IN. LINE ~ 72 IN. LONG (2)

. 1IN, LINE - 72 IN. LONG (2)

90 DEG ELBOW (2)

. 14 IN. LINE - 96 IN. LONG (2)

. FEED/FILL/INTERTANK TEE

. 90 DEG ELBOW (2)

. GIMBALLED BELLOWS (&)

. 14 IN. SHORT LINE

10, 14 IN. LINE - 100 IN. LONG

LM || <4 11. 90 DEG ELBOW (2)

12, 14 IN. LINE -~ 72 IN. LONG (2)

13. PIVOTED BELLOWS (2)

14, 14 iN, SHORT LINE {2)

— 1 @ 15. ENGINE PREVALVE (2)

2 . 16. PUMP INTERFACE FLANGE (2)

’ : 17. CHECK VALVE (2)

- 18. PRESSURE VOLUME COMPENSATOR

®) ' PG 19. 14 IN. LINE - ¢0 IN. LONG (2)
- 20, INTERTANK VALVE

29 21. INTERTANK JUNCTION

22. 8IN. LINE - 90 IN. LONG (2)

23, PIVOTED BELLOWS

24. 90 DEG ELBOW

. 3IN. LINE - 220 IN. LONG

26. GIMBALLED BELLOWS (2)

27. FILL SHUTOFF VALVE

28, FiLL DISCONNECT

/
g X 2 X -~ 29. 45 DEG ELBOW (2)
5 £ é@@/ r\@@ 0. GIVGALLED BELLOWS ()
' 31, 1IN, LINE - 96 IN, 2
D, é & hrp ] 32, 90 DEG ELBOW (4)
\ 33, 1IN, SHORT LINE (2)

34. 1IN, SHORT LINE
35, 1IN, LINE ~ 50 IN. LONG

20| o,

VONOLE LN~

Gﬂ
®
®
(o)
2
® ®0 @G

Fig. 4.2-8 MDC High-Crossrange LH2 Tankage and Feedline
Schematic

h-11
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Fig. 4.2-9 NAR Orbiter OMPS/OIPS
Propellant Transfer
Configuration
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Fig. 4.2-10 NAR Orbiter OMPS/OIPS Propellant Transfer Schematic
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Fig. 4.2-11 MDC Orbiter OMPS/0IPS Propellant Transfer Configuration
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Fig. 4.2-12 MDC Orbiter OMPS/OIPS Propellant Transfer Schematic
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Section 5

CRITERIA AND REQUIREMENTS

In the study, an effort was made to separate criteria and requirements and

to consider these from completely different standpoints.
Criteria were considered to be factors that were imposed by ground rules
or which were relatively independent of changes in the vehicle designs or

operation.

Requirements were defined as mission and vehicle imposed factors which

constitute performance goals for the systems, or which must be accomplished

in order for the system to achieve the required operating conditions.

The Space Shuttle is planned as a rultipurpose vehicle capable of performing
several basic missions. The missions identified by NASA as being of major

interest in future space activities are:

Sﬁace station/base logistics supply
Satellite placement and retrieval
Delivery of propulsive stages and payloads
Delivery of propellants

Satellite service and maintenance

These missions all involve the delivery of payloads to and from earth orbit.
The first mission, space station/base logistics supply, has been selected
as the design reference mission. Tﬁg'primary activity involved in the
delivery of cargo and/or passengers to and from the space station, which is
located in a 55 deg inclined orbit at an altitude of 270 nm. The reference
mission is considered to be of 7 days duration from 1liftoff of the space

shuttle until landing of the orbiter.
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5.1 CRITERIA

The criteria established for the study were derived from NASA documents, Phase

B shuttle contracts, and consideration derived in this contract.
5.1.1 Mission Criteria

The design reference selected is logistics supply of the space station. The
station is presumed to be in a circular orbit at an altitude of 270 nautical
miles and with an inclination of 55 degrees. The shuttle will be used to
transfer equipment and personnel to and from the station. Total mission
duration is 7 days and it 1s anticipated that the orbiter will be docked to
the station for the majority of this time. In addition to its 25,000 1b
capacity, the vehicle will be able to carry two crew members and two cargo
handlers. The orbiter will be designed so that its crew compartment
environment (pressure and composition) is compatible with the space station.
EVA activities will not be required during the transfer of personnel or

payload to or from the space station.

For study purposes, the nominal mission is divided into the following phases:

Phase Duration
Prelaunch From the beginning of cryogenic loading
uegil liftoff.
Ascent From launch until orbit is achieved.
Orbit Maneuvers From insertion to orbit transfer and docking.
Orbit Operations Activities while orbiter is docked.
Deorbit Maneuvers From undocking until entry begins at 400,000 ft
altitude.
Entry From 400,000 ft altitude until landing.
Pogt-fiight From leanding until postflight ground opera-

tions are completed.
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Two abbreviated mission time-lines have been defined in this study to evaluate
the eryogenic system operations. The first assumes that rendezvous with the
space station is accomplished during the third orbital revolution after 1ift-
off. It is representative of the shortest time from liftoff until docking.
The second case assumes that rendezvous will not be accomplished until the
seventeenth revolution, and represents the longest expected time from 1ift-
off until docking. Both cases assume that the orbiter mskes a direct entry
from the space station altitude. Selected key events for each of these
missions are presented in Tables 5.1-1 and 5.1-2. These time-lines are used
to define individual system duty cycles, the relationship between operations

of the various systems, etc.

Representative ascent and entry trajectories for the high crossrange vehicle,
taken from NAR Phase B activity are shown in Figure 5.1=1 and 5.2-2, respectively.
The reference orbit parameters are shown in Figure 5.1-3. Note that for the
time-lines presented previously, the deorbit time would differ somewhat

depending on whether a high-crossrange or low-crossrange maneuver is to be
performed, since the time from 400,000 feet to landing differs for these

vehicles. Typical entry acceleration profiles were desired for subsystem

studies. A typical profile is presented in Figure 5.1-L.
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Table 5.1-1

ABBREVIATED MISSION TIME LINE FOR ORBITER

THIRD REV. RENDEZVOUS
DIRECT REENTRY .

MISSION MISSION
(ne+nin:sec) EVENT
-02:00:00 Begin chilldown for cryogenic

loading
-00:02:00 Disconnect all line
00:00:00 Vehicle Lift-off
00:03:16 Staging
00:03:26 Main engines ignition
00:07:22 Main engines shutdown
00:49:15 Phasing - 1st OMPS engine burn
01:34:47 Transfer to 270 nm altitude
02:21:45 Circularize orbit at 270 mm
05:06:06 Dock to station
163:34:00 Separate from station
166:34:00 Begin deorbit retroburn OMPS
engine ignition
168:00:00 Land
168:10:00 Complete rollout

Complete vehicle inerting
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Table 5.1-2

ABBREVIATED MISSION TIME LINE FOR ORBITER

17TH REV. RENDEZVOUS
DIRECT REENTRY

I

HISSIUN

MISSION
-02:00:00 Begin chilldown for cryogenie
losding
-00:02:00 Disconnect all lines
00:00:00 Vehicle lift-off
00:03:16 Staging
00:02:26 Main engines igniticn
00:07:22 Main engines shutdown
00:49:14 Phasing - 1st OMPS engine burn
22:14:20 Transfer to 270 nm altitude
23:00:08 Circularize orbdit
25:44:30 Dock to stationl.
163:34:00 Separate from station
166:34:00 Begin deorbit retroburn -~ OMPS
engine
168:00: 00 Land
168:10:00 Complete rollout

Complete vehicle inerting
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REFERENCE ORBIT PARAMETERS
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5.1.2 Lifetime and Reuse Criteria

The criteria for the Space Shuttle have been established as a lifetime of 10
years of 100 flights, whichever is first. These criteria were applied to
those items that are not normally replaced, such as tankage structural

attachments and plumbing.

It was recognized that components subject to wearout (such as valving) and
materials which degrade from environmental effects (such as insulators) will

be replaced before the failure rate of these is increased as a result of use.
5.1.3 Structural Criteria

Material properties were established as the "A" allowable values of MIL-HDBK-5A
or equivalent values based on probability and confidence. Property values at

operating temperature were used. Structural factors are shown in Table 5.1-3.

Table 5.1-3

STRUCTURAL FACTORS

Part Yield Proof | Ultimate
Factor | Factor | Factor
Orbit Injection Tanks 1.1 1.05 1.4
Other Cryogenic Tankage - 1.5 - 2.0
Lines and Fittings - 1.5 2.5
High Pressure Vessels, Pneumatic and - 1.5 2.0
Hydraulic Tanks

For structural attachments, safety factors of 1.4 during ascent and 1.5 during
reentry will apply. For loads which are applied rapidly, a dynamic load factor

of 1.5 will be used to determine 1limit loads.
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Because the shuttle vehicle is intended to have a long life with many reuses,
the effects of cyclic loading on flow propagation are significant. Fracture
mechanics techniques provide suitable mechanisms for evaluating these effects.
For materials where sufficient data on fracture toughness and sufficient
knowledge of operating conditions can be defined, proof pressure and ultimate

factors of safety will be determined from these data.
5.1.4 Structural Temperatures

Structure temperature criteria were established for the High Crossrange

Orbiter. The data are presented in Figure 5.1-5 (Reference 5-1).
5.1.5 Propellant and Reactant Tank Sizing Criteria

A1l tank volumes included & 3=-percent ullage factor, over and above the maximum

propellant or reactant loading.

The propellant and reactant densities employed for sizing were the boiling
densities. The boiling densities are for the conditions that the propellant
or reactant are boiling from heat input when loaded prior to launch. Gas
bubbles are present in the propellant or reactant. The resulting densities

are:

Liquid Hydrogen - 4.28 16/ft3
Liquid Oxygen - 70.2 16/ft3

5.1.6 Safety Criteria

The following criteria will be supplied to the individual systems. For
integrated systems, the more stringent criteria will be applied to those

components which are common to the several subsystems.

Fail-operational means that the system will be capable of successfully com-
pleting the mission. Fail-safe means that the vehicle and crew can return
safely to earth after a failure. The life support and fuel cell systems
shall hnve a 2h-hour return capability remaining after reaching the fail-
safe condition. See Table 5.1-k.
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Table 5.1-4
FATLURE CRITERIA
Subsystem First Failure | Second Failure | Third Failure

Life Support Supply Operational Safe -
Power Generation Supply

Fuel Cell Operational Operational Safe

Auxiliary Power Operational Operational Safe
Propellant Supply

Orbit Injection Operational | Safe -

Orbit Maneuver Operational Safe -

Attitude Control . Operational Safe -

Airbreathing Engine Operational Safe -

Purge, Inert, and Pneumatic Operational Safe -

Failure criteria, such as fail-operational, fail-safe; or fail-operational,
fail-operational, fail-safe will not apply to tankage and lines in the supply

systems.

The criteria for design of the cryogenic systems for safety include:

e Pressure relief should be provided throughout the system,
including plumbing.

e Air liquefaction must be prevented.

e Venting must be controlled in the atmosphere.

e A1l vents must be located to preclude vapor concentrations within
the vehicle.

e Vents for O_ and H_ must be prevented from freezing shut.

2 2
e Tankage implosion must be prevented during loading and entry.
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5.1.7 Abort Criteria

NASA has established a requirement for an intact abort capability for
the space shuttle. This poses a particular requirement on the main

propellant supply system during the ascent phase of the mission.

It is necessary to consider under what conditions the cryogenic supply
gsystem could require that a mission be aborted. In general, a mission
abort is indicated whenever a system is in a fail-safe condition. This

criterion will be applied to the cryogenic supply systems.
5.1.8 Technology Status

Tentatively, the status of component development will be established to be
consistent with original Phase B study Space Shuttle Program schedules.
To meet this goal, selected components should be equivalent to 1972 state-
of -the-art., Turther, any selected components must be capable of being
suitably developed for 1976 Shuttle flights.

5.1.9 Ground Operations

Cryogenic loading operations will be accomplished within two hours,
beginning with the vehicle in a standby condition. This is taken to mean
that all necessary lines are connected and the systems are purged and ready
for loading operations to begin. Simultaneous loading of the booster and

orbiter will be permitted during this period.
5.1.10 Maintainability

The shuttle is to be designed for a two-week turnaround capability. As
discussed earlier, life criteria for components provides for the possibility

of replacement prior to the 100-mission life between major maintenance and
overhaul. Any components for which part replacement is required should be
installed so minimum replacement time is required. Replacement of the
component or module, rather than replacement of the specific part, is considered
acceptable to ease installation problems.
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5.2 REQUIREMENTS
The requirements for the various subsystems were established from:

(1) requirements of the cryogenic consuming subsystem or unit

(engine, fuel cell, auxiliary power unit, etc.)
(2) duty cycles
(3) interface requirements between subsystems,
References are provided regarding the sources of the requirements.
5,2.1 Orbit Maneuvering Propellant Supply

The Orbit Maneuvering Propellant Supply requirements were established from

examination of data. from a number of sources.

5.2.1.1 Orbit Maneuvering Propulsion Engine Requirements.

5.2,1.1.1 BRL-10 Engines. The Pratt and Whitney Co. has a family of
RL-10A-3 engines which are likely candidates for application to the OMS

system. The pertinent data for this family is summarized in Table 5.2-1.

Data presented were taken from Ref.5-2. The RL-10A-3-3 is the only bperational
engine and currently is being employed on Centaur. Rated thrust of 15,000 1bf
is achieved at a nominal chamber pressure of 400 psia at altitudes of 200,000
with the nozzle expansion ratio listed (57 to 1). Gasious helium is used to
actuate valves for starting and stopping the engine. A prestart or chilldown
period is required to cool the hydrogen and oxygen pumps to the desired
temperature. This period is initiated by actuating the prestart solenoid

valves to permit helium flow to the fuel and oxidizer inlet shut-off valves
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SUMMARY OF RL-10A-3 ENGINE CHARACTERISTICS

Table 5.2-1

NPSP

-6

ANVAWOD 3ADVdS 8 S3ATISSIN GHBHMbO'T

Nodel | Thrust | Torottle | T | portiion | (ps) | Propellant |28 | o vine | Tife ~ |of Starts
(sec) Ratio Fuel | Ox Idle | (1b) (sec) | (sec) | (spec min)

RL-104-3-3 | 15 None | 444 | 57 4L |8 | M No | 290 450 | 4000 20

-3-34] 15 None Lhd 57 2 4 H2 No 297 450 4500 20

=3-4 | 17 None L4, 56.7 - - - - 300 470 2820 20

=3-51 20 ? 437 40 - - ? - 300 470 2820 20

-3-6 | 10 None 450 84 4 8 No No 275 470 4000 20

-3-7 1 15 10:1 L4 4, 57 2 4 H2 & 02 Yes 330 900 4000 50

-3-8 | 22.5 -15:1 Lbd, 57 2 4 H2 & 02 Yes 350 900 4000 50

NOTES: 1, All engines have nominal mixture ratio of 5.0.

2. Minimum Isp i1s 5 sec lower than nominal,

3. RL-10A-3-3 only operational engine.
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to open them. Both fuel and oxidizer flow through the pumps and the thrust
chamber and are vented overboard until chilling is completed. Starting is
initiated by a signal to the start solenoid allowing helium to flow to open
the main fuel shutoff valve. Ignition is achieved electrically when a
combustible mixture 1s available. Shutdown is achieved by simultaneous
removal of the signals to the start and prestart solenoid valves. This

allows the helium actuation gas to be vented overboard, closing the fluid
flow valves., All valves are automatically returned to the prestart position.
The other engines listed in the table are variations in this basic engine that
are or can be made available for OMS use. According to Ref. 5-2 the modifica-
tions required to provide other models have been generally demonstrated in
ground tests by P&W or NASA,

The main limitation of the RL-10-3 families that affect their application to
OMS is the present specified service life and number of starts. Mission models
for the space station logistics supply mission indicate total operating times
of between 755 sec and 815 sec are required (depending on the rendezvous orbit
and whether the shuttle remains docked or separates and redocks). The number
of starts range from 8 to 11 per mission. Reference 5-2 indicates the specified
values that can be expected to increase with operational experience. Based

on present data, it is estimated that at least 2 hours and 300 firings can be
obtained without damage or perfommance degradation, with an eventual capability
to reach 10 hours or more of service life., Thus, in initial service, the
R1,-10-3-3 or -3A would need checking of the start capability after two missions
and complete engine inspection after four or five missions. This would require
engine removal and activities equivalent to an engine overhaul. This approach
is expected to increase service life to 2 to 3 hours between overhauls. The
main areas of concern are the turbopump gears, bearings, and shaft seals, the
bellows in both the thrust control and the main fuel shutoff valve, and the

thermal cycle limitation on the present thrust chamber design.
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P&W foresees no problem with run times longer than 450 sec. Efficient
performance of high-orbit altitude missions will require an extension in
run times. Assuming a vehicle weight of 300,000 1b., a maximum AV of
about 700 ft/sec is all that can be obtained in a 450 sec burn. Orbit
transfer AV of 100 to 1200 ft/sec (at both apogee and perigee) are
required to transfer from 100 nm to 800 nm. Similarly, deorbit velocities
of 1200 to 1300 ft/sec are needed for reentry from 800 nm. Run times up to
850 sec are required, if these velocities are to be achieved in a single

burn.

Another operational requirement associated with the present engine design
may be the use of helium pressure to provide sealing around the gearbox
shaft in the turbopump. The present design apparently does not provide
for a shutoff for the helium and it is continuously vented overboard at

a small rate. However, excessive amounts of helium could be vented during
a seven=-day mission and means of eliminating this loss would have to be

provided. Elimination of helium as an activating gas is also desirable,

5.2.1.1.2 Advanced OMPS engines. In addition to the RL-10 engines, advanced

OMPS engines were examined in the studies. The assumed engine characteristics

were:
Thrust - 10,000 1b
Specific Impulse - Uik and 456 sec

The assumed start transient for this engine is presented in Figure 5.2-1.

5.2.1.2 Orbit Maneuvering Propellant Supply System Requirements. The range

of Orbit Maneuvering Propulsion System requirements are presented in
Table 5.2-2. The ranges of data presented are representative of the RL-10

engine and the operation of two advanced engines at 20,000 1b thrust.

The duty cycles of use of the RL-10 engine at 15,000 1b thrust in the OMPS

for two mission profiles are presented in Table 5.2-3.
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Fig. 5.2-1 Orbit Maneuvering Propulsion Advanced
Engine Typical Start Transient
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Table 5.2-2
ORBIT MANEUVERING PROPELLANT SUPPLY SYSTEM
0 H Source
2 2 Reference
Propellant Quantity* | Min 18,300 1b 3700 b | 5-1, 5-3,
Max 27,000 1b 5400 1b 5-4, 5-5,
5-6
Propellant Flow Rate | Min 12.5 1b/sec 3.5 1b/sec 5-4, 5-5,
Max 38.1 1b/sec | 8.0 1b/sec 5-6, 5-7
Supply System Outlet | Nom 4 psi 2 psi 5-4, 5-7
Pressure (AP Above
Vapor Pressure)
Supply System Outlet Subcooled liquid 5-8
Temperature
Mixture Ratio (O/F) Nom 5:1 + 3% 5-8
Tife:
Operating Total Min - 14 hr 5-1, 5-6
Max - 22 hr 5-7, 5-9
5-10
Per Flight Min — 500 sec¥* 5-1, 5-6
Max - 800 sec 5-7, 5-9
5-10
Flights 100 5-11
Nonoperating Total 10 yr 5-11
Orbital/
Flight T dy 5-11
Note:

* Quantity based on nominal delta-V of 1400 ft/sec.
1900 ft/sec.

for delta-V =

Tankage shall be sized

A delta-V of 100 ft/sec out of the required
on-orbit delta-V of 1500 ft/sec has been alloted to the ACPS.
*% Total operating time based on operation at 20,000-1b thrust level.
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61-6

Table 5.2-3
ORBIT MANEUVERING PROPULSION SYSTEM DUTY CYCLE — RL-10 ENGINE

3rd Rev Rendezvous

17th Rev Rendezvous

1 2 1 2
Event Mission Time From | Burn Time Propellant | Mission Time From | Burn Time Propellant
Ellapsed . Used Ellapsed . Used
. Last Burn | Max/Min . . Last Burn | Max/Min .
Time Max/Min Time Max/Min
hr:min:sec (br) (sec) (1b) (hr) (sec) (1b)
Phasing 00:49:15 - 206/173 | 7100/5920 | 00:49:14 - 77/64 2620/2200
Height 01:34:47 0.75 160/135 | 5500/4600 | 22:14:20 21. 40 165/138 | 5640/4720
Coelliptic 02:21:45 0.79 15/12 685/420 | 23:00:08 0.77 137/115 | 4690/3930
TPI 03:50: 56 1.48 12/10 422/355 | 24334:23 1.58 12/10 424/355
Deorbit 166:34:00| 162.72 280/234 | 9550/8000 [L66:34:00| 141.99 279/234 |9540/7980
Contingency - - 123/108 | 4350/3680 - - 125/105 | 4280/3590
Total - - 796/672 | 27,607/ - - 795/666 | 27,194/
22,975 22,775

1 Based on a thrust level of 15,0600 1b,
2 Based ona specific impulse of 439 sec.
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5.2.2 Orbit Injection Propellant Supply
The Orbit Injection Propellant Supply subsystem requirements have relatively

wide variations as a result of the Phase B results. All of the requirements

stated are for the two-stage fully reusable vehicle.

5.2.2.1 Orbit Injection Proputsion Engine Requirement. The engine requirements

used in the study were principally based upon the Shuttle Engine Interface
Control Document 13M15000 B, dated 1 March 1971l. Engine Contractor data were
employed in specific evaluation. The overall engine characteristics are

presented in Table 5.2.-k4.

Table 5.2-4

ORBIT INJECTION PROPULSION ENGINE CHARACTERISTICS

Parameter Value

Thrust 632 t 10K 1b

Isp (vacuum) 459 + 3 sec
Expansion Ratio 150:1

Flow Rate 1385 1b/sec
Oxidizer/Fuel Ratio 6

NPSH See additional data

In the near future, the referenced Interface Control Document may not be
available so selected data of particular interest to the propellant supply

are presented.

In Figure 5.2-2, the prestart propellant conditions are presented. It

should be noted that the propellant temperature must be kept within a narrow
range when starting at lower pressures. If the orbiter is started under zero
gravity conditions, then the tank pressure to temperature relationships are

critical,
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The Net Positive Suction Head requirements are presented in Figure 5.2-3 for
continuous operation. It may be noted that the allowable inlet temperature
ranges remain approximately the same, and the inlet total pressure require-

ments for liquid oxygen are increased.

The engine operating fluid cleanliness limits are presented in Table 5.2-5.

In addition to the ICD information, engine contractor data regarding engine

bleed is presented in Figure 5.2-4 and 5.2-5.

These data are based upon the assumption that engine bleed will be &t a

constant flowrate and temperature.

5.2.2.2 Orbit Injection Propellant Supply System Requirements. The Orbit

Injection Propellant Supply requirements are presented in Table 5.2-6.

There is a significant range of propellant quantities based upon the Phase B
and Alternate Concept Study results. A typical duty cycle for the Orbit
Injection Propellant Supply is presented in Table 5.2-7.

5.2.3 Attitude Control Propulsion Supply
The Attitude Control Propulsion System (ACPS) requirements are presented
in Table 5.2-8. These requirements are based upon 2100 1b thrusters and

a maximum flowrate associated with firing six thrusters simultaneously.

A typical Attitude Control Propulsion System duty cycle was constructed

for the third revolution rendezvous mission. This is presented in Table

5.2-9.
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Fig. 5.2-3a Engine Propellant Inlet Conditions
(Mainstage Operation) — Oxidizer
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Table 5.2-5
ENGINE OPERATING FLUID CLEANLINESS LIMITS

Maximum Particle Size, or Requirement[l]
- R k
Type Particle Particles Allowable emarka
Size (x), Microns {No.)
GN32, EZ] x <30 No limit
MIL-P-27401 30 <x <100 25
x > 100 - 0
Helium, J:_'z x <30 No limit
MSFC-SPEC-364 30 <x <100 25 .
or MIL-P-27407 x >100 0
Liquid Oxvgen, [3] x <100 No limit Acetylene content shall be no larger
MIL-P-25508 100 <x <200 1000 ’ than 1. 55 ppm, soluble hydrocarbon
: 200 <x <250 ' 500 shall not exceed 75 ppm, the purity
x > 250 0 not to be less than 99. 2 percent, and
' the particulate content of the oxygen
must not be limited by the total weight.
Liquid Hydrogen[s_] x <100 No limit
MIL-P-27201 100 <x <200 1000
200 <x <250 500
x > 250 0
Hydraulic Fluid Values specified Values specified in
MIL-H-5606 in MSFC-PROC- | MSFC-PROC-166
166
NOTES:

[l] Cleanliness limits specified are the maximum allowable at the engine-to-vehicle interface.

[2] Maximum number of particles based on a 30 standard cubic foot sample.

[3] Maximum number of particles based on a 100 ml sample.
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Table 5.2-6

ORBIT INJECTION PROPELLANT SUPPLY SYSTEM
(Based on a Two-engine Orbiter)

IMSC-A991396

0 I3} Source
2 2 Reference
Propellant Quantity Min 360,000 1b 60,000 1b 5-1, 5-4,
Max 532,000 1b 89,000 1b 5-6, 5-7
Propellant Flow Rate Min 593 lb/sec 99 lb/sec
Max-Total 2374 1b/sec 396 1b/sec 5-12
Max-per engine|1294% 1b/sec 216 1b/sec
Supply System Outlet | Nom 8 psi 2 psi
Pressure (AP Above Max 9.5 psi 2.5 psi 5-12
Vapor Pressure)
Supply System Outlet Subcooled ligquid 5-12
Temperature
Mixture Ratio (O/F) Min 5.5:1
Nom 6.0:1 5-12
Max 6.5:1
Life:
Operating Total 10 hr 5-11
Per Flight Approx. 4-min burn 5-7
Flights 100 5-11
Nonoperating Total 10 yr 5-11
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ORBIT INJECTION PROPELLANT SUPPLY SYSTEM DUTY CYCLE

Table 5.2-7

Event Mission Time Event At AWO, AWHy AWp)
hr:min:sec hr:min:sec (1) (Ib) (Ib)

Chilldown and siow fill Lo, -01:47:00 00:17:C0 26,600 - 26,600
Chilldown and slow fill LH2 -01:40:00 00:05:00 - 4,450 1,050
Fast fill LH, ~01:35:00 00:13:00 - 80, 100 111, 150
Fast fill LO, -01:30:00 00:17:00 478,800 - 289, 950
Slow fill & top off LH, -01:22:00 00:10:00 - 4,450 594, 400
Slow fill & top off LO2 -01:13:00 00:10:00 26,600 - 621,000
Replenish LH, -01:12:00 01:10:00 - AR 621,000
Replenish LO2 -01:03:00 01:01:00 AR - 621,000
I?isconnect LO2 & L!-I2 fill -00:02:00 00:01:00 - - 621,000
lines
Launch 00:00:00 - - - 621, 000
Staging 00:03:16 00:00:10 - - 621,000
Rocket Engine Operation 00:03:26 00:03:12
3g Limitation 00:06:38 00:00:44 518,149 86, 358%*
Rocket Engine Shutdown 00:07:22 - 16, 493

*Propellant required for nominal ISp

96 TH6Y -OSIWT



ATTITUDE CONTROL PROPELLANT SUPPLY SYSTEM REQUIREMENTS

Table 5.2-8

ILMSC-A991396

0 H Source
2 2 Reference
Propellant Quantity Min 2000 1b 500 1b 5-1, 5=l
Max 6900 1b 2150 1b 5-13
Propellant Flow Rate | Min 1.5 1b/sec 0.4 1b/sec 5-1, 5-4,
Max 26.1 1b/sec 7.1 1b/sec 5-6, 5-13,
5- 1.
Supply System Outlet High Pressure 300 to 500 psia 5-1, 5-4
Pressure Low Pressure 20 to 45 psia 5-13, 5-1k
Supply System Outlet | Min 200 5-1, 5-k
Temperature (°R) Max 500 5-13, 5-1k
Mixture Ratio (O/F) Min 3.2:1 5-1, 5-4
Max h.5:1 5-13, 5-1k
Iife:
Operating Total TBD -
Per Flight TBD -
Flights 100 5-11
Duty Cycle TBD -
Nonoperating Total 10 yr 5-11
Orbital/Flight T dy 5-11
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. Table 5.2-9

ATTITUDE CONTROL PROPULSION SYSTEM DUTY CYCLE

.— THIRD REVOLUTION RENDEZVOUS

IMSC-A991396

Mission Event Propellant Consumption

Elapsed t W

Time ACPS Event D Total (1b)

(hr:min:

sec) (Min) Min Max Min Max |

00:00:00 | Launch - - - - -

00:07:22 Maintain attitude-damp 1.0 1.2 1.2 1.2 1.2
ME cutoff transients

00:08:34 | Maneuver to local hori-{ 3.0 63.8 63.8 65.0 65.0
zontal, impart orbital
rate

00:11:3% | LC, hold #5° D.B. 27.65 0.1 0.1 65.1 65.1

00:39:15 | Maneuver for OMPS burn,| 10.0 13.0 13.0 78.1 78.1
hold 0.5° D.B.

00:49:15 | Roll control - OMPS 3.0 10.3 10.3 88.4 88.4
burn

00:52:15 | Maneuver to local 32.5 1.0 1.0 89.4 89.4
horiz., impart orbital
rate, hold £5° D.B.

01:24:47 | Maneuver for OMPS burn,| 10.0 0.9 0.9 90.3 90.3
hold +0.5° D.B. _

Ol:34:47 | Roll control - OMPS 2.0 8.1 8.1 98.4 98.4
burn

01:36:47 | Maneuver to local 35.0 0.9 0.9 99.3 99.3
horiz., impart orbital
rate, hold +5° D.B.

02:11:45 | Maneuver for OMPS burn,| 10.0 1.0 1.0 100.3 100.3
hold #0.5° D.B.

02:21:45 | Roll control - OMPS 0.3 1.0 1.0 101.3 101.3
burn

02:22:03 | Maneuver to LOS 3.0 51.6 51.6 152.9 152.9
attitude

02:25:03 | LC, hold #5° D.B. 31.7 0.1 0.1 153.0 153.0

02:56:45 | Maneuver to burn atti- | 10.0 51.1 51.1 20k4.1 20k.1
tude, hold 0.5° D.B.
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Table 5.2-9 (cont'd)

ILMSC~A991396

Mission

Elapsed Event Propellant Consumpticn

Time ACPS Event % W

(hr smin: P Total (1b)

sec) (Min) Min Max Min Max

03:06:45 | Dispersion burn, AV = 0.6 0 540 204k .1 Thi.1
0-25 fps

03:07:21 | Maneuver to LOS 33.6 51.1 51.1 255.2 795.2
attitude, hold #5° D.B.

03:40:56 | Maneuver to burn atti- | 10.0 51.1 51.1 306.3 846.3
tude, hold #0.5° D.B. ,

03:50:56 | Roll control - OMPS burn 0.3 0.6 0.6 306.9 846.9

03:51:14 | Maneuver to LOS atti- 9.7 51.0 51.0 357.9 897.9
tude, hold #5° D.B.

04:00:56 | Maneuver to burn atti- 2.0 51.0 51.0 408.9 9Lk8.9
tude, hold #0.5° D.B.

0k:02:56 | MCC - 1 burn, 0.7 0 774 .0 408.9 1722.9
AV = 0-36 fps

04:03:38 | Maneuver to LOS atti- 7.3 51.0 510 459.9  1773.9
tude, hold +5° D.B.

0L:10:56 | Maneuver to burn atti- 2.0 51.0 51.0 510.9 1824.9
tude, hold +0.5° D.B.

oh:12:56 | MCC - 2 burn, 0.3 0 407.0 510.9  2231.9
AV = 9-19 fps

04:13:14 | Maneuver to ILOS atti- 9.9 51.0 51.0 561.9 2282.9
tude, hold #5° D.B. ,

04 :23:06 | Maneuver to burn atti- 2.0 51.0 51.0 612.9 2333.9
tude, hold #0.5° D.B.

O4:25:06 | Braking, AV = 10 fps 1.7 216.0 216.0: 828.9 2549.9

O4:26:46 | Braking, AV = 13 fps 1.3 278.0 278.0 1106.9 2827.9

04:28:01 | Braking, AV = 12 fps 1.5 258.0 258.0 1364.9  3085.9

04:29:31 | Braking, AV = 5 fps 1.7 107.0 107.0 1471.9 3192.9

04:31:11 | Braking, AV = 5 fps 2.0 107.0 107.0 1578.9  3299.9

Ok:33:11 | Station keeping, hold 22.9 0.4 4324 1579.3  3732.3
40.5° D.B., multi-axis
transfer, AV = 1-10 fps
milti-axis attitude,
LV = 0-10 fps
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Table 5.2-9 (cont'd)

IMSC-A991396

Mission
Elapsed Event Propellant Consumption
Time ACPS Event t W
(hrsmin: p Total (1b)
sec) (Min) Min Max Min Max
04:56:06 | Docking maneuvers, hold| 10.0 0.2 430.2 1595.5 L416k4.5
4#0.5° D.B., multi-axis
transfer, AV = 0-10 fps,
multi-axis attitude
AV = 0-10 fps
05:06:06 | Docked to space station| -~ - - 1579.5  L416h4.5
- Passive mode - - - 1579.5 L416h4.5
163:34:00 | Undock - AV = 0.5 fps 0.1 11.0 11.0 1590.5 L4175.5
hold #0.5° D.B.
163:34:06 | Separation maneuver, 0.3 216 .0 216 .0 1806.5 4391.5
AV = 10 fps, hold
+0.5° D.B.
163:34:24 | Attitude hold 20" 159.6 0.1 0.1 1806.6 4391.6
D.B.
166:14:00 | Maneuver to local 10.0 63.0 63.0 1869.6  Lhsh.6
horizontal, impart
orbital rate, hold
45° D.B. _
166:24:00 | Maneuver for OMPS burn, | 10.0 36.5 36.5 1906.1 L4ho1.1
hold 0.5° D.B.
166:34:00 | Roll control - OMPS 4.0 4.4 1.4 1920.5 L4505.5
retroburn
166:38:00 | Maneuver to entry atti- | 28.0 63.5 63.5 1984 .0 L4569
tude, hold #0.5° D.B.
167:36:00 | Attitude maneuvers as AR 510.0 1230.0 249k .0 5799
required, AV = 25-60
fps, hold #° D.B.
168:00:00 | Land
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5.2.4 Auxiliary Power Unit Reactant Supply

The Auxiliary Power Unit requirements are naturally highly dependent upon
the vehicle configuration, the power profile, and the number of APU's in
the vehicle. The characteristics of the Auxiliary Power Units which were
used in the study are presented in Appendix A. The Phase B requirements
resulted in APU sizes from 130 to 850 horsepower, with three of four units
per orbiter. The resulting range of requirements are presented in Table

5.2-10. An APU duty cycle is presented in Fig. 5.2-11.
5.2.5 Fuel Cell Supply

The fuel cell reactant supply requirements were obtained from the Phase B
studies. The system was assumed to consist of four fuel cells, each capable
of operating at 7KW max., continuous load/1OKW peak load, and at 1.5 KW
minimum power level. The fuel cell reactant requirements are presented in
Table 5.2-12. A typical fuel cell reactant supply duty cycle is presented
in Table 5.2-13.

5.2.6 Life Support

The system requirements for each major phase of the nominal mission are pre-
sented on Table 5.2-14., The minimum conditions are based on an assumed crew
of two astronauts (no cargo handlers) functioning at low metabolic rates.
Leakage is assumed at 2.0 lb/day. During the docked phase, it is presumed
that the crew remains in the space station. For the nominal condition, the
crew consists of four, including two cargo handlers. During the docked
portion of the mission, two men are presumed to remain in the shuttle.
Metabolic rates are nominal for each phase of the mission. Cabin leakage
rate is 5.0 1lb/day. No cabin repressurization is assumed. For the maxinum
condition, a four-man crew operating at a high metabolic level is considered.
During the docked portion of the mission, the men remain within the vehicle.
This assumption also satisfies alternate missions which are independent of

the space station. Cabin leakage is 9.0 lb/day.
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Table 5.2-10
AUXILIARY POWER UNITS REACTANT SUPPLY SYSTEM REQUIREMENTS

IMSC- 4991396

02 H2 Source
Min | Max | Min | Max | FoTeTence
Reactant Quantity (1b): 100 | 500 | 100 | 525 | 5-1, 5-15
Reactart Flowrate (1lb/sec): 0.02] 0.25{ 0.02] 0.29
Reactant Mixture Ratio Min 0.4
(o/F) Nom - 5-1
Max 0.9
Life:
Operating Total Nom - 250 hr 5-15
Max - TBD
Cycle 100 missions 5-11
Per Flight TBD
Starts/Stops Min - 1/flight 5-1
Nom - 2/flight 5-15
Max - TED
Duty Cycle Min - TED -
Nom - see below 5-15
. Max - TBD
Nonoperating Total 10 yr 5-11-
Orbital 7 dy/flight 5-11
Table 5.2-11
AUXILIARY POWER UNIT DUTY CYCLE
. Time APU
Mssion Begin D‘(us":sm Reactant
(sec) (1b)
Prelaunch 1.0° 1:0 105
Ascent 0 0:48 88
Rendezvous 157:32 4328 9
162:00 2:30
Entry 166:00 0:30 96
Descent 166:36 1:15 400
130
Landing 167:45 0:15 17
Reserve i
Total 1022
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Table 5.2-12
FUEL CELL REACTANT SUPPLY REQUIREMENTS
2 Hy Source
Min Max Min Max Raference
Reactant Quantity (1b) 730 | 1450 | 90 175 5-1, 5-b
915

Reactant Flowrates (1b/hr):

For the system 2.8 19.0 | 0.35 | 2.30 5-1, S5-4
5-15

For an individual fuel cell 1.13 9.5 | 0.14 | 1.15 5-1, 5=k
5-15

Reactant Outlet Pressure (psia) 2.0 {200 | 20 200 5-1, 5-15,

5-16, 5-17

Reactant Outlet Temperature (“F) | -200 | +160 | -200 | +160 | 5-15

Life:

Total 10 yr
Operating Minimum 16,800 hr
Starts/Stops 500
Missions 100
Table 5.2-13
FUEL CELL REACTANT SUPPLY DUTY CYCLE
FLOW RATES (1b/hr) QUANTITY (1b)

: [) H, 2 H2 DUBA-
MISSION < TION
PHASE MIN Max MIN MAX MIN MAX MIN Max | (nrs)
Prelaunch 5.36 9.51 | 0.665 1.15 9,4 14.3 1.2 1.7 1.5
Ascent 5.39 | 10.30 | 0.668 1.24 0.5 1.0 0.06 0.12f o0.12
Orvit/Phasing | 4.30 | 12.20 { 0.533 1.47 | 85.5 | 237.8 | 10.6 28.8 1 20.0
Rendézvous/

Dock 5.80 | 12.10 | 0.720 1.6 | 17.4 35.6 2.2 h.3 3.0
Orbit Standby | 4.08 6.50 | 0.506 0.78 |s17.7 B13.1 64.3 68.3 | 121.38
Orbit Phasing | 4.30 | 12.38 | 0.533 1.50 | 94.6 197.8 | 11.8 23.9| 22.0
Entry 6.35 9.33 | 0.787 1.13 2.6 12.0 0.3 1.5 [1.0t0 1.5
Landing 6.35 8.95 | 0.787 1.08 3.8 8.0 { 0.5 1.0] o715 |

Total Reactants (1b) 731.5 1319.6  90.96 159.6

1) Snort term max rates are: 19.0 1b/nhr 0, and 2.3 1b/hr H, (20 KW)

2) Min end Max rates for a aingle fuel cell are:

0, B,
1.13 1b/hr 0.14 1b/nr
9.51 lb/hr 1.15 1b/hr
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Table 5.2-14
ECLSS OXYGEN AND NITROGEN SUPPLY REQUIREMENTS

HIGH CROSSRANGE VEHICLE

. Dura- Oxygen (1b) Nitrogen (1b)
M;;31on tion Source
ase (hr) Min Nom - Max Min Nom Max Reference
Prelaunch 2.0 0.28 | 0.63 0.75 0 0.0kL 0.08 | 5-1, 5-18,
5-19
Ascent 0.1 0.02 | 0.04 0.06 0 0.01 0.0k | 5-1, 5-18,
5-19
Orbit/Phasing | 25.5 4,03 | 8.91 | 11.32 1.67 4.18 7.50 | 5-1, 5-18,
Rendezvous / ' 5-1
Dock
Orbit 126.2 2.47 {26.0 56.35 8.34 |20.83 | 37.54 | 5-1, 5-18,
Operations 5-19
Orbit 13.9 2.19 | 5.21 6.17 0.91 2.28 h,11 | 5-1, 5-18,
Phasing : 5-1
Entry 1.6 0.26 | 0.59 0.74 0.11 0.27 0.9 | 5-1, 5-18,
5-19
Landing 0.5 0.06 | 0.1k 0.17 0 0 0 | 5-1, 5-18,
5= 1
Totals 9.31 {kl.52 | 75.56 11.03 | 27.61 |L9.76 | 5-1, 5-18,
5-1

Oxygen consumption consists of leakage and metabolic requirements. Nitrogen
consumption consists of leakage make-up requirements only. The following
usages applied as described in the text were used to size the system requirements.

O2 Metabolic (lb/day) Leakage (lb/day)
Min 1.69 2.0
Nom 1.84 5.0
Max 2.20 9.0
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The supply pressure presented in Table 5.2-1k is sufficient to provide a

14,7 psia atmosphere, water tank pressurization, and accomodate line losses.
This pressure, however, would not be sufficient for umbilical EVA (which
requires 100 psia) or for PLSS backpack recharging (which requires 1500 psia).
It also should be noted that the allowable gas temperature range (-40 to +1500F)
does not imply that this is an acceptable range for cabin temperature or for the
conditioning heat exchanger design. If the gas were introduced to the cabin
within this band, at the small rates involved, it would impose a negligible
load on the thermal control system as mixed with the large cabin atmosphere

quantity.
5.2.7 Purging, Inerting, and Pneumatic Supply

The Purging, Inérting, and Pneumatic Supply requirements were derived from

the following:

o Helium Requirements (Possible)

Main engine pneumatic and purging
RL-10 pneumatic and purging

Pneumatic valves

Hydrogen tank insulation purging

e Nitrogen Requirements (Possible)

Hydrogen tank inerting
Hydrogen purging (leakage regions)
Oxygen tank insulation purging

Ajrbreathing fuel oxygen removal and tank inerting
The requirements are very dependent upon the approaches and conditions

assumed. The analyses determining the requirements and the results are

presented in Section 9.7.
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Table 5.2-15

IMSC-A991396

ECLSS OXYGEN AND NITROGEN INTERFACE REQUIREMENTS

Source
02 Né Reference
Cryogen Flow Rate Normal Max 15 1b/hr 7.5 1b/hr
Cryogenic Interface:
Outlet Pressure 50 + 6 psia 60 + 5 psia 1
(Regulated)
Outlet o -40 to +150 10
Temperature, F
Purity Min TBD -
Nom B (Per NASA
MSFC Spec.
356A and
3994)
Life:
Total 10 yr
Operating 16,800 hr
Continuous 168 hr
Missions 100
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Section 6

RESULTS OF SUBSYSTEM TRADEOFF STUDIES

system tradeoff studies were utilized to accomplish several of

the study major outputs:

Comparison of individual subsystems

Provision of information necessary for the selection of integrated

systems

Sensitivities of the subsystems to criteria, requirements, and design

variables

Sensitivity of the subsystems to technology status

The examination of the individual subsystems contributed significantly to

the selection of the approaches to integrated systems. The tradeoff studies

indicat

ed the most attractive subsystem concepts. The detailed subsystem

tradeoff studies are presented in Section 9.

6.1 GENERAL APPROACH

The general approach employed in analyzing each of the individual subsystems

is pres

(1)
(2)
(3)

(k)
(5)
(6)

(7

ented in Figure 6.1-1:

Criteria and requirements were established for each subsystem.
Candidate subsystem matrices were established.

The detailed subsystem analyses began with an evaluation of the
composition and arrangements through schematics and physical

locations in the vehicles.
Operational modes and duty cycles were established.
The structural design studies were principally parametric evaluations.

The detailed analyses heavily involved thermodynamic and fluid dynamic

analyses.

Expendable evaluations included gas and liquid residuals and vent losses.

6-1
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INITIAL SYSTEM REQUIREMENTS INITIAL SYSTEM CRITERIA

CANDIDATE SUBSYSTEMS

Y

DETAILED -
SUBSYSTEMS ANALYSIS

COMPOSITION AND
ARRANGEMENT

e SCHEMATICS
e RELIABILITY/SAFETY
e COMPONENTS

OPERATIONAL MODE

e DUTY CYCLES
e ALTERNATE OPERATIONAL
MODES

STRUCTURAL DESIGN

o SUBSYSTEM LOCATIONS COMPONENT ANALYSES

o TANK PARAMETRIC DATA [ = | .\ NENT DATA
%OMPILGTION.
THERMAL/PHYSICAL e REUSABILITY AND
Y <7 RELIABILITY EVALUATIONS
e THERMODYNAMICS " | @ TECHNOLOGY EVALUATIONS
e THERMAL PROTECTION
o THERMAL CONTROL AND

FLUID CONDITIONING
FLUID DYNAMICS

EXPENDABLES EVALUATIONS

e RESIDUALS
e PROPELLANT UTILIZATION

U

TO INTEGRATED SYSTEM EVALUATIONS

Fig. 6.1-1 Concept Evaluation
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6.2 ORBIT MANEUVERING PROPELLANT SUPPLY

The Orbit Maneuvering Propellant Supply subsystems evaluations involved a
mumber of issues relative to the concepts. A major portion of the tradeoff
studies were devoted to examining these concept issues and determining the
advantages and disadvantages. The major differences between the OMPS sub-

system arrangements are established by:

e Vehicle Configuration Constraints

The vehicle configurations dictated the number of tanks to comply

with available space.

(a) Single Tanks
(b) Dual Tanks

The dual tanks may have either cascaded flow or noncascaded flow.

e Location of Pumps

The propellant pumps location was an important issue in the subsystem

.evaluations which also reflected into the integrated system.
(a) Pump-at-engine

The pumps are integral parts of the engine as in the RL-10.
(b) Pump-at-tank

The pumps are separated from the engine and located at the

propellant‘tanks.

e Start Tanks

Start tanks have limited application to individual subsystems, but

were examined in the studies.

e Type of Pressurization

The type of pressurization has considerable impact upon the overall

system. Propellant acquisition approaches are significantly affected.

6-3

LOCKHEED MISSILES & SPACE COMPANY



LMSC-A991396

(a) Helium Pressurization, separately stored helium.
(v) GOE/GHg Pressurization

The prepressurization gases may be separately stored or idle
start mode can be employed. Pressurization gases during engine

operation are supplied from engine bleed.

o Extent of the Use of Vacuum Jacketing

Vacuum jacketing has a potential significant effect on the subsystem

approach and operation.
The principle candidates have been displayed to provide the advantages and
disadvantages of the approaches and comparisons between approaches. The

information is presented in Tables 6.2-1 through 6.2-7.

Results of Concept Comparisons

Comparisons of the effects on weight were considered to be major points of

comparison, but other factors were considered. The comparisons indicated:

(1) When the turbopumps are located at the tank (good integration potential),
the dry weight and total weight is less than for a conventional pump-

at-engine such as the RL-10 engine.

(2) The pump-at-tank location is relatively insensitive to the number
of propellant feedline losses. For the pump-at-engine, the total
system weight keeps increasing as the number of feedline losses

increases.

(3) Pressurization with helium results in lighter weight subsystems
than presgsurization with GOE/GH2. This is principally the result
of the requirement in a nonintegrated system that the GOE/GH2
prepressurant be stored in gas storage tanks specifically for this
application. '
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The use of an inflight refill technique for GOE/GH2 prepressurant

gas storage tanks to reduce this penalty was eliminated by the

large quantities that must be stored and the high-flowrates that would
be required to refill during a short OMPS burn (e.g., when the LO2
propellant tank has been depleted so only the retropropellant is

left, prepressurant GO, will range from approximately 50-to0-100

1b depending upon ullaze pressure requirements). Since some OMPS
engine operations are in the order of 12-t0-28 sec, resupply
flowrates could range from approximately 4-to-8 1b per sec. Because
the rocket engine also is supplying pressurization gas during the
firing/expulsion, the combined gas-bleed requirements are deemed
beyond the capacity of the engine, and the refill technique was

eliminated.

Vacuum jacketed tanks and lines result in higher overall subsystem
weights than do non-jacketed subsystems. However, the insulation
and other thermal control provisions are protected and result in

better reusable subsystems.

If dual tanks are required in the vehicles, the cascade tank

approach is approximately the same weight as the noncascaded approach.
A disadvantage identified was that a more complex pressurization system
is required to achieve these comparable weights. Helium is employed

in the downstream tank and G02/GH2 in the upstream tanks. An

advantage to this approach is that only one tank requires a

propellant acquisition system for engine start.

Start tanks for nonintegrated systems appear to provide no

advantages and increase the complexity of the systems.
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Results of Comparison of Optimum Conditions

As the tradeoff studies were performed, the optimum designs and operating

conditions were established. A summary of optimum conditions for all of the

cases, except the cascade and start tanks, is shown in Table 6.2-8. Several

observations are possible from the data:

(1)

(2)

The insensitivity of the total system weight to the number of
propellant losses, for the pump-at-tank concept, is attributed to
constant ullage pressure and feedline diameters as a function of the

number of propellant losses.

For the pump-at-engine concept, the optimum configuration results in
increasing ullage pressure requirements as the number of propellant
losses increases. While feedline diameters were reduced, with a
resultant decrease in line and valve weights, this effect was small
in comparison to the increased prepressurant requirements due to the
increased ullage pressure. Since all of the prepressurant was stored,
the storage sphere weight increased considerably as the number of

propellant losses increased from 1 to 12.
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Vacuum-Jacketed Tanks and Lines

Nonvacuum-Jacketed Tanks and Lines

Configuration Number of Dumps Number of Dumps
1 5 12 1 5 12
System Dry Weight 2,657 2,715 2,812 1,91 2,021 2,112
(1b)
System Wet Weight
v (1b) € 31,500 31,707 32,079 30,947 31,150 31,507
Advantages: Less complex for one dump case as Iighter than comparable vacuum-jacketed
line chilldown not required system
Lighter than comparable system with Lighter than comparable system with
gaseous propellant pressurization gaseous propellant pressurization
No ground purging of tank insulation Less dry weight than comparable vacuum-
required jacketed system
Insulation less susceptible to damage Duty cycle does not affect pressurant
and degradation than nonvacuum- weights
jacketed subsystem during repeated
reuses of system
Duty cycle does not affect pressurant
welghts
Disadvantages: 1. Heavier than comparable nonvacuum- Line chilldown required for all cases

Jacketed system

Requires helium, which is inconsistent
with goal to minimize shuttle helium

May require periodic annular region
vacuum check and evacuation of vacuum
shells

evaluated

Requires helium, which is inconsistent
with goal to minimize shuttle helium

Requires ground and reentry purging
of tank insulation

More complex than comparable wvacuum-
Jacketed system

FOLDOUT FRAME
\

Table 6.2-1
SINGLE TANK — PUMP-AT-ENGINE -
GHe PRESSURIZATION
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Vacuum-Jacketed Tanks and Lines

Nanvacuum-Jacketed Tanks and Lines

Configuration Number of Dumps Number of Dumps
1 5 12 1 5 12
Systen ?lig)welght 2,h07 2,403 2,408 1,655 1,663 1,665
System V(Jele’g)Welght 31,082 31,070 31,211 30,410 30,401 30,538
Advantages: Relatively insensitive to number of 1. Towest dry and wet weight of all
dumps gystems evaluated
No ground purging of tanks required 2. Insensitive to number of dumps
Duty cycle does not affect pressurant 3. Duty cycle does not affect pressurant
welghts weights
Insulation less susceptible to damage
and degradation than nonvacuum- jacketed
subsystem during repeated reuses of
system
Disadvantages: Heavier than comparable nonvacuum- 1. line chilldown required for all cases
Jjacketed system gvaluated
Requires helium, which 1s inconsistent 2. QRequires helium, which is inconsistent
with goal to minimize shuttle helium with goal to minimize shuttle helium
May require periodic annular region 3. Requires ground and reentry purging of
vacuum check and evacuation of vacuum tank insulation
shells
4. More complex than comparable vacuum-

jacketed system

ROTNOTTT TRAME Vl

SINGLE TANK — PUMP-AT-TANK — GHe
PRESSURIZATION
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Vacuum-Jacketed Tanks and Lines

Nonvacuum-Jacketed Tanks and Lines

Configuration Number of Dumps Number of Dumps
1 5 12 IL 5 12
System Dry Weight
v (115;) g 3,249 3,423 3,676 2,517 2,689 2,915
System Wet Weight
ystem (ib) eie 32,357 32,825 33,542 31,716 32,182 32,871
Advantages: Does not require helium 1. | Does not require helium
No purging at tank insulation 2. ) Lighter than comparable vacuum-
required jacketed system
Insulation less susceptible to damage 3. | Both dry and wet weight are sensitive
and degradation than nonvacuum to the number of dumps
jacketed subsystem during repeated
reuses of system
Both dry and wet weight are sensitive
to the number of dumps
Disadvantages: Highest sensitivity of all systems 1. | Iine chilldown required for all cases
evaluated to number of dumps evaluated
Highest dry and wet weight of all 2. | Requires purging of tank and line
systems for comparable number of dumps insulation during groundhold and
reentry
Dry and wet weight heavier than compar- 3. | High sensitivity to number of dumps
able helium pressurized system
Duty cycle affects pressurant require- 4. | Duty cycle affects pressurant

ments

May require periodic annular region
vacuum check and evacuation of vacuum
shells

requirements

FOLDOUT FRAME

Table 6.2-3
SINGLE TANK — PUMP-AT-ENGINE —
G02/GH2 PRESSURIZATION
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Vacuum-Jacketed Tanks and Lines Nonyacuum-Jacketed Tanks and Lines
Configuration Number of Dumps Number of Dumps
1 5 12 L 5 12
System ]()ig)welght 2,828 2,831 2,836 2,146 2,138 2,145
Syst Wet Weight
yeLem (10) e 31,550 31,545 31,681 30,910 30,89 31,035
Advantages: 1. Does not require helium 1. |Does not require helium
2. Relatively insensitive to number of 2. |Relatively insensitive to number of
dumps dumps
3. Does not require insulation purging 3. | Dry weight 370-to -770 1lb lighter than
comparable pump-at-engine system
4. Dry weight 400-t0-800 1b lighter than L. IWet weight 800-t0-1850 1b lighter than
comparable pump-at-engine system comparable pump-at-engine system
5. Wet weight 800-t0-1850 1b lighter than 5. | Less dry weight than comparable
comparable pump-at-engine system vacuum- jacketed system

6. Insulation less susceptible to damage
and degradation thannonvacuum-
Jjacketed subsystem

Disadvantages: 1. Heavier than comparable helium- 1. |Same as 1, 2, and 3 for vacuum-
pressurized system jacketed system
2. Prepressurant storage tank required and 2. {Requires prelaunch and reentry purging
gquantity of prepressurized sensitive to of tank and lines

collapse factor. (Could eliminate pre-
pressurant storage tank by getting pre-
pressurant from some other source such
as ACPS accumulators)

3. Prepressurizing with hot gases is a 3. | Duty cycle affects pressurant
potential problem area at zero "g" due requirements
to potential collapse if liquid pro-
rellant encloses pressurization gas

outlet in tank
4. Duty cycle affects pressurant requirements

5. May require periodic annular region vacuum
check and evacuation of vacuum shells

PRFCENING PAE BT.ANK NOT FILMFED

- Table 6.2-k
FoLOOD SINGLE TANK — PUMP-AT-TANK —
T FRANME GO, /GH, PRESSURIZATION
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Vacuum-Jacketed Tanks and Lines

Nonvacuum~Jacketed Tanks and Lines

Configuration Number of Dumps Number of Dumps
1 5 12 1 5 12
System Dry Weight
T Ry e 3,097 3,280 3,307 2,267 2,332 2,357
System Wet Weight
Advantages: 1. Does not require insulation purging 1. Lighter than comparable vacuum-
jacketed system
2. Less complex for one dump case as 2. May package better in vehicle
line chilldown not required
3. Insulation less susceptible to damage 3. Duty cycle does not affect pressurant
and degradation than nonvacuum- weights
Jjacketed subsystem during repeated
reuses of system
4, May package better in vehicle
5. Duty cycle does not affect pressurant
weights
Disadvantages: 1. Dry weight approximately 500 1b heavier 1. Dry weight approximately 300 1b
than comparable single-tank system for heavier than comparable single-tank
all cases evaluated system for all cases evaluated
2., Wet weight a minimum of 500 1b heavier 2. Wet weight a minimum of 300 1b heavier
than comparable single-tank system and than single-tank system for 1 and 5
differential increases as the number of dump cases and increases to approxi-
dumps increases mately 600 1b for the 12 dump case
3. Requires, helium, which is inconsistent 3. Requires helium, which is inconsistent
with goal to minimize shuttle helium with goal to minimize shuttle helium
4. May require periodic annular region 4. Requires ground and reentry purging of
vacuum check and evacuation of vacuum tank and line insulation
shells —
5. More complex than single-tank system 5. Line chilldown required for all cases
due to larger number of components for evaluated
the cooling, acquisition, etc.
6. Residuals probably higher than in 6. Same as 5, 6, and 7 for vacuum-jacketed
single-tank system due to potential case
of draining one tank faster than the
other and pull-through causing gas
ingestion in the feedline
T. Greater potential for tank heat leaks

due to increased surface area and
large number of support struts than
on single-tank system

FOLDOUT FRAMA |
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DUAL TANKS — PUMP-AT-ENGINE =
GHe PRESSURIZATION
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Configuration Vacuum -Jacketed Tanks and Lines Nonvacuum-Jacketed Tanks and Lines
Number of Dumps Number of Dumps _
5 12 5 12
System Dry Weight 3,273 - 2,604 2,679
(1p)
System Wet Weight 32,532 -- 81,922 32,292
(1p)
Advantages: 1. Requires helium in downstream tank only

2. Vacuum-jacketing on downstream tank only

3. Acquisition system simplified, compared
to single tank, as only required in down-
stream tank

4. Duty cycle does not affect pressurant
weights

1. Requires helium in downstream

Disadvantages;

1. Requires helium

2. More complex pressurization system as both
helium and engine-bleed gases are used for
tank pressurization

3. Dry weight approximately 550 1b heaver than
comparable single-tank system

L. Wet weight approximately 800 1b heavier
than comparable single-tank system

5. Dry weight approximately the same as a
comparable conventional dual-tank system

6. Wet weight approximately 200 1b heavier

than a comparable conventional dual-tank
system

1. Same as 1 and 2 for vacuum-

tank only

1A%
.

Same as 3 for vacuum-jacketed
system

?. Duty cycle does not affect
pressurant weights

Jjacketed system

2. Dry weight approximately 600 1b
heavier than comparable single-
tank system

3. Wet weight approximately 800 1b
heavier than comparable single-
tank system

L. Dry weight approximately 300 1b
heavier than a comparable
conventional dual-tank system

5. Wet weight 400 1b heavier than
for a comparable dual-tank system
but decreases to approximately
200 1b for 12 dumps

6. Requires ground and reentry
purging of tank and line
insulation

FOLDOUT FRAME

Table 6.2-6
CASCADED TANKS — PUMP—AT—ENGINE -
GHe PREPRESSURIZATION AND GHe/ENGINE
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Table 6.2-7

SINGLE TANK WITH START TANK - PUMP-AT-ENGINE
G02/GH2 PRESSURIZATION

Configuration

One Dump-Nonvacuum-Jacketed Tanks and Lines

System Dry Weight o 2,300 1b
System Wet Weight o 31,200 1b
Advantages: 1. Simplifies propellant acquisition

2. Reduces helium usage to start tank only

3. Eliminates prepressurization components and
function as start tank acts as helium spring

4. Eliminates duty cycle effect on pressurant
requirements for a hot gas pressurization system

Disadvantages: 1. Requires ground and reentry purging of tank
and line insulation

2. Limits operations to engine burns of 10
seconds or greater

3. Dry weight sapproximately 350 1lb heavier than
comparable helium pressurized system

4. Added complexity due to start tank refill
during OMPS operation

5. Wet weight approximately 250 1b heavier than
comparable helium pressurized system

FRECEDING PAGE BLANK NOT FILIiED
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OMPS SUBSYSTEM CHARACTERISTICS
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Optimum
Feedline Ullage
No. Diameter Pressure
Case Tank Pump of (in.) (psia)
No. Config Location Pressurant Dumps O2 H2 O2 Hé
1 Single Engine GOo 1 3 3-1/2 36.8 23.4
and 5 2-1/2 | 3-1/4 4s.2 23.8
GH, 12 2 3 57.6 24 .2
2 Single Tank GOo 1 1 1 20.0 18.0
and 5 1 1 20.0 18.0
GH2 12 1 1 20.0 18.0
3 Single Engine GHe 1 3-1/2 36.8 23.4
5 2-1/2 | 3-1/4 L7.2 23.8
12 2 3 57.6 2h .2
N Single Tank GHe 1 1 1 20.0 18.0
5 1 1 20.0 18.0
12 1 1 20.0 18.0
5 Dual Engine GHe 1 2/3 3/3 3h.Y 23.5
1 2/3 3/3 | 3kl | 23.5
12 2/3 3/3 | 3k | 23.5
NOTE: TFor the dual tank case, feedline diameters signify tank outlet to common

point/common point-to-engine inlet.
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6.3 ORBIT INJECTION PROPELLANT SUPPLY

The Orbit Injection Propellant Supply (OIPS) system evaluations were related
to examination of alternate approaches to subsystem functions rather than the
comparison of overall subsystem approaches. The comparison of overall sub-
systems requires extensive considerations regarding tankage parameters,
performance data, and other vehicle peculiar data. The evaluations to be
performed were selected through coordination with NASA/MSC and represented

issues of interest. The evaluations included:
® Sensitivity of thermodynamic parameters to insulation effectiveness.
® Prepressurization concepts

® Pressurization approaches, which included:
(a) Modulated pressurization in which pressurization flow can be

controlled in on/off modulation
(b) Pressurization with constant flow rate with excess vented.
(c) Pressurization of LOo tanks by self-pressurization
(da) Employment of common vent and pressurization lines.

® Feedline temperature control concepts:
(a) Effects of insulation on temperature control

(b) Temperature control by circulation
® Feedline pressure losses

® Reentry effects on tank pressure rise.

The pressurization studies made extensive use of the IMSC Asymmetric Pro-

pellant Heating Computer Program which considered propellant stratification.

Important pressurization comparisons which resulted from the evaluations are
displayed in Tables 6.3-1 and 6.3-2. The significant conclusions derived

from the evaluations are:
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Onboard prepressurization from stored helium appears to have definite
advantages over prepressurization with helium prior to launch (or on-

board prepressurization with propellant gases).

The pressurization approach may be either constant flow rate or modulated

engine bleed, without significant weight penalties.

The use of a common vent and pressurization line is a satisfactory
approach. The vent line size is established by the tank fast fill
rates during propellant loading. The resulting line sizes (approxi-
mately 6 inches) result in low pressure drops during pressurization

flow and relatively low pressure lines are feasible.

The propellant tank pressurization parameters, such as resulting
residuals and required mass flow rates, are relatively insensitive

to the thermal conductivity or thickness of the tank insulation.

Feedline propellant temperature control must be accomplished by
circulation at rates requiring pumps. The resulting temperature
rises in the feedlines are not very sensitive to the insulation type

or thickness.

If the propellant tank pressures are adjusted to approximately 18 psia
in orbit prior to reentry, the heating cycle during reentry will not
result in the tank pressures exceeding approximately 28 to 30 psia

without venting.
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Ground Subsystem Onboard Subsystem
Helium Helium Propellant Gases
System Dry Weight (1b) NA 310 351
System Wet Weight (1b) NA 335 368
Advantages 1. DNo onboard gas storage Tanks not pressurized(l. Tanks pressurized to
required to high valpes during high values during
maximum g while on maximum g while
booster on booster
Ullage presgure rise |2, Ullage pressure rise
from propellant strat- from propellant ,
ification dpes not re- stratification does not
sult in necgssity to result in necessity to
vent tanks guring vent tanks during ascent
ascent
Helium has jan
advantage als an
onboard pressurization
gas in that it is
not sensitijve to
collapse aflter
pressurizatfiion
Disadvantages 1. Tanks pressurized Onboard stdrage and |L. Onboard storage and
during high g loading . subsystem nequired subsystem required
during ascent on
booster
2. Vapor pressure rise 2. Propellant gas
from stratification pressurization sensitive
adds to helium to collapse if duty
partial pressure and cycle is incorrect
the necessity for
venting with helium
loss may occur
3. If tank pressurization
is lost during ascent.
there are no gases
available to pre-
pressurize tanks
Table 6.3-1
COMPARISON OF PRESSURIZATION CONCEPTS
FOR ORBIT INJECTION SUBSYSTEM
HOLDOUT FRAME 6-23
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Modulated Flowrate Pressurization

Constant Flowrate Bleed Pressurization

Residual Gas Weight

685

690

Vented Gas Weight

None

60

Advantages: 1. Normally, vent valve 1. Compatible with high pressure
would not function engine design approach
Disadvantages: 1. Modulated flowrate 1. Vent valve must operate

puts additional
requirements on
engine design

during engine operation

PRECEDIN(

Table 6.3-2
COMPARISON OF PRESSURIZATION METHODS
FOR ORBIT INJECTION SUBSYSTEM
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6.4 ATTITUDE CONTROL PROPELLANT SUPPLY

The Attitude Control Propellant Supply (ACPS) system studies were principally
comparisons between Gas/Gas type and Liquid/Liquid type subsystems and various
approaches to these subsystems. Gas/Gas Attitude Control Subsystems employ
gaseous oxygen/hydrogen in the thrusters. The Gas/Gas ACPS Subsystems may
utilize either subcritical storage or supercritical storage. The Liquid/Liquid
Attitude Control Subsystems deliver liquid oxygen and liquid or supercritical
hydrogen to the thrusters. '

The summary of the ACPS subsystems is presented in Table 6.4-1. Weights in
this table include the feedlines for distribution to the thrusters.

Significant conclusions which were derived from the studies are:

Comparison of Gas/Gas and Liquid/Liquid ACPS

e The comparison of Gas/Gas ACPS and Liquid/Liquid ACPS indicated that
for suberitical storage conditions, the dry system weights and the
system wet weights overlap considerably. The total range being

approximately 1200 1b for dry weights and 900 1b for wet weights.

o TFor similar methods of providing the pump drive, the system dry weights

and wet weights of the Gas/Gas and Liquid/Liquid ACPS are comparable.
e The Liquid/Liquid ACPS is sensitive to the bellows contraction.

e As a general conclusion, the Gas/Gas ACPS and Liquid/Liquid ACPS

have comparable subsystem dry weights and wet weights.

Comparison of Subcritical and Supercritical Storage for Gas/Gas ACPS Subsystems

e Supercritical storage of the propellants results in considerably more

weight penalty than the subcritical storage.
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Comparison of Methods of Pump Drive

Electrical motor-driven pumps in subsystems result in higher dry

weights. However, considering cooling-hydrogen savings, the total

The Attitude Control Propellant Supply presents the most severe
requirements for propellant acquisition. The propellant must be

provided while accelerations are occurring in any direction and

The accelerations produced by the ACPS are of sufficient magnitude
that retention by a single surface tension screen results in very
low pore diameters. Therefore, a multiple screen arrangement appears

to be the most satisfactory approach, which results in the allowable

Some gas ingestion into a propellant acquisition device is considered

°
system weights are not significantly heavier.
Results of Propellant Acquisition Evaluations
°
at a relatively high flow-rate.
°
stabilized heads of the screens to be additive.
°
to be unavoidable.
°

The gallery type of acquisition device, which is considered to be the
only practical design, results in high start transient pressure
losses. Line diameters of up to ten inches may be required for the
Gas/Gas ACPS systems.
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Gas/Gas ACPS Subcritical

Gas/Gas ACPS
Supercritical Storage

Maximum Hydr]

Liquid/Liquid ACPS

ogen Temperature 54°R

Turbine Motor = 3 Genorators Motor - 4 Gencrators
Electrical Motor- Bellows Bollows Bellows Bellows Bollows Bellows
Driven Pump 20% 100% 20% 100% 20% 100%
Turbopump Three Sets Four Sets [ Contraction Contraction | Contrag¢tion Contraction [Contraction Contraction
System Dry Weight
Ib 3,009 4,168 3,778 5,713 3,580 2,847 4,246 3,612 4,077 3,344
System Wet Weight
b 11,198 11,672 11,392 14,053 11,718 10, 985 11,776 11,043 11,608 10,8175
Advantages 1. Subcritical Storage provides 1. Subcritical storage provides 1. Pump not required 1, Subcritical storage 1. Subcritical storage 1. Subcritical storage
lower storage weight lower storage weight provides low weight provides low weight provides low weight
2, Gas distribution requires
2, Gas distribution requires 2. Gas distribution requires minimal thermal control 2. Lower performance 2. TDower performance 2. Lower performance
minimal thermal controls minimaj} thermal controls turbopump pump pump
3. Electrical mator reduces 3. Electric motor results| 3. Electric motor results
heat sogkback and cooling in less heat soakback in less heat soakback
requirements
4. Four generators pro-
vide FO/FS for less
weight
Disadvantages:
1. Requires high-performance 1. Requires high-performance 1. High tankage weight 1, Pumps required 1. Bumps required 1. Pumps required
pump pump ‘
2. Moderate high- 2. Relatively large 2. Relatively large 2, Relatively large
2. Requires high-performance 2. Requires high-performance performance heat bellows required bellows required bellows required
heat exchanger heat exchanger exchanger
3. Liquid distribution 3. liquid distribution 3. Liquid distribution
3. Higher weight than turbo- requires more requires more ther- requires more
pump system thermal control than nial control than gas thermal control than
gas distribution distribution distribution
Table 6.4-1
COMPARISON OF ACPS TYPES , STORAGE
MODES, AND PUMP DRIVE METHODS
- FOLDOUT FRAME
FOLDOUT FRAME 5
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6.5 AUXILIARY POWER UNIT SUPPLY

The Auxiliary Power Unit (APU) supply tradeoff evaluation involved both the
supply concepts and parameters associated with the Auxiliary Power Units.
The results present the optimum relationships between supply systems and the
APU characteristics. The evaluation encompassed:

e Type of storage

The types of storage and the associated conditioning system for:
(a) Subcritical storage

This system requires pumps for pressurization.

(b) Supercritical storage

e APU Turbine Inlet Pressure

The APU turbine inlet pressure has a significant effect upon the

supply system, particularly the supercritical storage.

e APU Operating Mixture Ratio

The mixture ratio (or O/F ratio) of the reactants supplied to the APU
affect not only the starage volumes, but also the temperature of

the gases supplied to the APU gas generators.

e Approach to Achieving Desired Maximum Horsepower

The number of APUs utilized in the subsystem to achieve maximum horse-
power capability is a function of the redundancy approach. The APUs
mst be capable of supplying full horsepower requirements after the
failure of two units. For example, the 850 hp requirement may

be accomplished by:

(a) Each unit of three units having a capability of 850 hp (allowing

two failures)

(b) Four units each having 425 hp and allowing two failures.
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Also, during the operation of the APUs, at least an "extra" unit must

be running at all times when the APU is required, resulting in:

(a) For a total of three units, two must be running.

(b) For a total of four units, three must be running.

Since the specific reactant consumption is a function of the percentage

of full power, the approach to redundancy has an effect on the system
optimization.

The APU requirements result in relationships between specific reactant con-

sumption, mixture ratio, and gas-generator (turbine-inlet) pressure, which

result in multiple variable tradeoff considerations.

A summary of comparisons between various approaches is presented in
Table 6.5-1. FEach of the cases shown has been optimized with regard to gas-
generator (turbine-inlet) pressure and storage conditions. The typical duty

cycle was used to establish the differences in reactant quantities.
Several significant conclusions resulted from the APU supply evaluations:

e Subcritical storage of the reactants results in significantly lower

weights than supercritical storage of the reactants.

® The effects of oxidizer/fuel ratios are relatively small. In sub-

systems employing supercritical storage, there is a slight advantage

for the lower O/F ratios.

® The optimum turbine inlet pressure effects on the reactant supply

system indicated:

(a) Subsystems employing subcritical storage tended to result in the
higher turbine inlet pressures. This is principally the result

of having a pump in the subcritical subsystem which eliminates

sensitivity to the storage pressure.
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(b) Subsystems with supercritical storage result in optimum turbine

inlet pressures which are a function of mixture ratio:

For O/F of 0.5 — DNear 300 psia
For O/F of 0.9 — DNear 600 psia

Since the APU must operate during ascent and during reentry, it imposes
severe requirements on liquid acquisition devices. An all-axis liquid
acquisition device is needed for starting in orbit. ©Such devices are

difficult to design for accelerations of over lg, and other methods of

supplying the APUs are necessary during the high-g reentry conditioms.
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Subcritical Supply System

Supercritical Supply System

Mixture Ratio 0.5

Mixture Ratio 0.9

Mixture Ratio 0.9

Mixture Ratio 0.9

3-450 HP 2-850 HP 3-450 HP | 2-850 HP 3-450 HP 2-850 HP 3-450 HP | 2-850 HP
System Dry 818 831 818 825 1,331 1,37 1,562 1,605
Weight - 1b
System Wet 1,462 1,497 1,565 1,626 2,145 2,258 2,390 2,484
Weight - 1b
Advantages: 1. Lower mixture ratio has 1. Reactant specific 1. Lower mixture ratig has 1. Reactant specific
less required flowrate to volume is lower less required flowrate to volume is lower
produce given horsepower produce given horsepower
(better specific reaction 2. Subcritical storage (better specific readtion
consumption) produces lower storage consumption)
weight '
2. Subcritical storage pro-
duces lower storage weights
Disadvantages: 1. Pump required 1. Pump required 1. High storage weights 1. High storage
weights
2. Liquid/gas conversion 2. Liquid/gas conversion

heat exchanger required

heat exchanger required

Table 6.5-1
COMPARISON OF AUXILIARY POWER UNIT
SUPPLY SUBSYSTEMS
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6.6 FUEL CELL SUPPLY

The Fuel Cell Supply Subsystems requirements are not affected significantly
by variations in the consuming subsystem. The number of variables to be
considered were less than for the other subsystems evaluated. The major

tradeoffs in the Fuel Cell Supply Subsystems are related to:

e Storage Conditions

The storage approaches and the related distribution subsystems were

examined for:

(a) Subcritical Storage (1liquid)
(b) Supercritical Storage

o Tuel Cell Supply Pressure

The sensitivity of the supply system to the fuel cell supply pressure

was examined. It was considered desirable to determine if there was

any advantage to low pressure fuel cells.

A comparison of the subsystems is presented in Table 6.6-1. The subsystems

presented were optimized with regard to storage conditions.

Conclusions From Evaluations

The conclusions which were derived from the evaluations are:

e The subcritical and supercritical storage modes result in approximately

the same weight subsystems. It was observed that the difference

betwaen subcritical storage and supercritical storage decreases as the

quartity of propellants and reactants decreases.
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e Considering all factors, supercritical storage would be preferred

in individual subsystems.

@ There were no advantages to employment of a low-pressure fuel cell.

Table 6.6-1
COMPARISON OF FUEL CELL SUPPLY SUBSYSTEMS

Supercritical

Subcritical

Minimum Supply Pressure

Minimum Supply Pressure

20 100 200 20 > 60
psia psia psia psia psia
System Dry Lol 480 L8y 4Lo 460
Weight, 1b
System Net 2,202 2,127 2,153 2,165 2,126
Weight, 1b
Advantages: 1. Storage less critical from 1. Subcritical systems
the standpoint of thermal provide low storage
insulation and heat leaks weight
Disadvantages:|l. High storage weights 1. High component weights

2. Storage conditions more
severe from the stand-
point of thermal
protection
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6.7 LIFE SUPPORT SUPPLY

The Life Support Supply subsystem evaluations were principally tradeoffs
between suberitical and supercritical storage. High-pressure gas storage,
which could be considered as part of the emergency supply system, was not

evaluated.

The comparison of the Life Support Supply approaches is presented in Table 6.7-1.
The subecritical supply system presented here is not designed to provide the
high-pressure (800 psia) required for PLSS recharge. As may be seen from the
table, even without this requirement, supercritical storage shows a weight

advantage over subcritical storage.

Table 6.7-1
COMPARISONS OF LIFE SUPPORT SUPPLY SUBSYSTEMS

Supercritical Subcritical

System Dry Weight 191 225

(1v)
System Wet Weight : 313 3k7
(1v)

Advantages: 1. No/liquid gas 1. Savings in
conversion volume
required

2. Thermal effects 1. Savings in
associated with volume
storage less
severe

Disadvantages: 1. More volume 1. Liquid/gas

conversion
required

2. More thermal
problems
associated
with storage

6-39

LOCKHEED MISSILES & SPACE COMPANY



LMSC-A991396

6.8 PURGING, INERTING, AND PNEUMATIC SUPFLY

The Purging, Inerting, and Pneumatic Supply system definitions were highly
dependent upon requirements defined by the subsystem requirements and criteria.
Therefore, several subsystem approaches are displayed in the evaluations in

order to provide comparative data.

Helium Supply Subsystems

The helium supply subsystem concepts are presented in Table 6.8-1, for a
variety of conditions. Reentry with LHé in the Orbit Maneuvering propellant

tanks assumes that the helium must be employed for insulation purging.
The results of the helium supply subsystems indicated:

e ©Storage of helium at LH2 temperature provides the lightest weight

system for each of the cases.

o The High Pressure engine as defined by the Interface Control Document.
requires high flowrates of helium. An interesting result associated
with ambient helium storage is that the highflow rates result in large
decreases in the helium temperatures requiring heating to meet the
engine specifications. The required reactants §9‘provide conditioning
are of comparable weight to that required to coﬁaition helium stored

at the LH2 temperatures.

e Storage in titanium tankage results in significantly less weight than

storage in aluminum tankage.

Nitrogen Supply Subsystems

Various alternatives for the nitrogen supply subsystem are presented in
Table 6.8-2. The alternatives presented represent a wide range of nitrogen
requirements. The results indicated:
6-41
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o In general, subcritical storage provides the lowest weight sub-
systems. However, for the smaller quantities, supercritical storage

is almost the same weight, and ambient storage is also competitive.

o The purging of potential nitrogen leakage areas during ascent and reentry
to assure hydrogen concentrations below the flammable limits can
represent a significant system weight increase. Tank inerting further
increases the system weight penalty.

Nitrogen ground purging is necessary for safe operation. The nitrogen is
supplied from a main feedline entering the aft region of the vehicles with
smaller distribution lines. In evaluation of the nitrogen supply system for

ground purging, it was found that a 100-ft feedline could be operated at 100

psia. The line sizes would be:
e 10 1b/sec flow - 3.5 in.
e 20 1lb/sec flow - L.75 in.

Single lines were found to weigh less than multiple lines.
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(1) With LH, in OMPS Tenk During Reentry (1) WwWith LH, in OMPS Tank During Reentry (1) w/o LH, in OMPS Tank During Reentry
or Vacuum Jacketed
(2) With Recirculation of Purge Bag He (2) No Recirculation of Purge Bag He
Storage at Ambient Storage at Ambient Storage at Ambient
LH2 Temperature Storage LHQ,Temperature Storage LH2 Temperature Storage
Syst Dry Weight 2 1 2 1, 2 1
TS 72(3)(1,30)(V) 1,468 607 (1,47 (Y) 1,393 59602 (1, 1u7) () 1,373
i 2 1 1 2 2 1 2 2 1 1 2
Syster(nlgt)etvwelght 1,179( )(1,789)< ) 1,580( ) or 1,835( ) 828( )(1,368)( ) 1,&90(1) or 1,518( ) 812( )(1,3u3)( ) 1,367( ) or 1,&95( )
Comments : (1) Number in (1) Lower number (1) DNumber in (1) Lower number (1) Number in (1) Lower number
parenthesis considers all heat parenthesis considers all heat parenthe¢sis considers all heat
represents addition from represents addition from represents addition from
aluminum tankage environment aluminum tankage environment alumin tankage environment
(2) Number without (2) Higher number (2) Number without (2) Higher number (2) Number yithout (2) Higher number
parenthesis considers all heat parenthesis considers all heat parenthesis considers all heat
represents addition supplied represents addition supplied represents addition supplied by
titanium tankage by O /H heat titanium tankage by O /H2 heat titanium tankage 02/H heat exchanger
exchangér for high- exchangér for high for %igh—flowrate
flowrate withdrawal withdrawal rate i withdrawal
Advantages: 1. Lower storage weight 1. Conditioning not 1. Lower storage weight 1. Conditioning not 1. Lower storage weight 1. Conditioning not
required except at required except at © required
2. Lower storage volume high flowrates 2. Lower storage volume high flowrates 2. Lower storage volume
Disadvantages: 1. Conditioning always 1. Higher storage weight | 1. Conditioning always 1. Higher storage weight | 1. ConditioTing always 1. Higher storage weight
required required required
Table 6.8-1
COMPARISON OF HELIUM SUBSYSTEM
ALTERNATIVES FOR PURGING, INERTING,
ﬂ AND PNEUMATIC SUPPLY
FOLDOUT FRAME
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(1) Vacuum-Jacketed OMPS Tanks (1) w/o H, Tank Inerting (1) wjo H, Tank Inerting (1) with H, Tank Inerting (1) w/o H, Tank Inerting
(2) w/o H, Leakage Purging (2) w/o H, Leakage Purging (2) with H, Leakage Purging (2) With Hé Leakage Purging (2) W/O OIPS Leakage Purging
Sub- Super- Ambient Sub- Super- Ambient Sub- Super- Ambient Sub- Super- Ambient Sub- Super- Ambient
Critical Critical Storage Critical Critical Storage Critical Critical Storage Critical Critical Storage Critical Critical Storage
System Dry
Weight (1b) 92 b1 133 172 187 185 238 453 2,479 31k 682 L 334 218 221 319
System Wet 2
Weight (1b) 103 152 1k 189 204 202 1,726 2,033 3,958 2,977 3,507 6,978 323 332 k23
Subcritical Supercritical Ambient Storgge
Advantages: 1. Iighest weight in 1. Comparable to subcritical 1. Comparable to other storage
all cases for smaller N2 requirements methods for small quantities
2. Requires no conditioning for
lower flowrates
Disadvantages: 1. Requires conditioning 1. Requires conditioning 1. Heavier subsystei for larger
2. Propellant acquisition quantities
for large flowrates 2. larger volume required
Table 6.8-2
COMPARTSON OF NITROGEN SUBSYSTEM
ALTERNATIVES FOR PURGING, INERTING,
AND PNEUMATIC SUPPLY BAT e
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Section 7

RESULTS OF INTEGRATED SYSTEMS TRADEOFF STUDIES

The Integrated Systems tradeoff studies have initially examined the integration
of opfimum subsystem approaches., Subsystems were modified as necessary to
provide the most desirable approaches to integrated systems. The information
provided in this section attempts to provide an overview of the results

presented in Section 10.

7.1 GENERAL APPROACH

The task of integrating these systems was very complex in that several hundred
combinations of integrations are available. The overall approach and the
potential areas of integration are described in Section 10. Storage of the
cryogens was selected as the primary mode of integration. Other integration
modes - such as types of pumps, feed systems, pressurization, and thermal
control - were considered as supplements to the storage method. Eight

major groups of subsystem integration were identified as being representative
of the various degrees of integration. Perturbations of these groups to
reflect some specific design approaches resulted in 16 cases. Analysis of
these cases resulted in a weight statement, component count, and operational

characteristics for each.
7.2 CANDIDATE SYSTEMS

Descriptions of the systems are summarized in Table 7.2-1, and the welghts,
component counts, and statements of advantages and disadvantages are listed
in Table T7.2-2. Selection of eight major groups was based upon the de-
gree of common storage and on utilization of subcritical or supercritical
tankage. The first groups, Integrated Systems I, have all the cryogens,
except for the OIPS,. stored in common suberitical tanks. In each succeeding
system or group, less commonality of tankage is employed and various degrees
of suberitical and supercritical storage are employed. This is indicated
by the boxes listed under each integrated system number and opposite the

heading of "Suberitical" or "Supercritical".
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7.3 SUMMARY DESCRIPTIONS OF CANDIDATE SYSTEMS
7.3.1 Storage Considerations

The cryogen storage considerations are as follows:

e (Cases Ja, b, and ¢ - all cryogens stored in common subcritical

tankage

e Cases ITe and b - OMPS, ACPS, and APU stored in common sub-
critical tankage; FC and EC/LSS cryogens stored in common

supercritical tanks

e Cases IITa and b - OMPS and ACPS cryogens stored in common
subcritical tankage; IIIa APU cryogens stored in separate
subcritical tenk; FC and EC/LSS cryogens stored in common
supercritical tankage; IITb APU cryogens stored in separate

supercritical tanks.

® Remainder of systems follow a similar pattern

Propellants for the OIPS system are in no way integrated with the other sys-
tems. The primary mode of integration of the OIPS is either (l) by using the
tanks and residuals as & heat sink for on-board heat generation, or (2) by
having the prepressurant supplied from the ACPS gas accumulators. The weights
listed in Table 7.2-2 include 3,298 1b of inert weight for the OIPS system.
This includes lines, valves, and pressurization system only; these are based
on the assumption that the prepressurant is supplied from the ACPS gas accum-
ulator. Studies described in Section 10 show that the ascent tanks can be
used as a heat sink during the early part of the mission; however, the weights
and component counts required to implement two types of cooling are not in-
cluded. The number of components listed for each system does not include the

OIPS components.
7.3.2 Vacaum Jackets and Acquisition Systems Considerations

The systems are described as to whether or not vacuum jackets are employed

on the storage tanks and what type of acquisition system is used.
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INTEGRATED \ ! Vib vil Vil
SYSTEM la Ib Ie lla b o b IVa IVb Ve Va Vb a
STORAGE. [omps | [OMmPs | [omps] | [ omps]
SUBCRITICAL OMPS OMPS OMPS OMP ACPS ACPS OMPS OMPS ACPS
ACPS ACPS ACPS OMPS OMPS ACPS OMPS OMPS OMPS OMPS APU APU APY
APU APU APU ACPsS ACPS ACPS ACPS ACPS ACPS FC FC
FC FC FC APU APU APU EC/LSS| |EC/LSS
EC/LSS EC/LSS EC/LSS
NO NO
VACUUM No — SAME NO NO —ee NO
JACKET YES YES NO YES NO e NO NO NO YES VES YES
; - - |START | START
A COMPARTMENT COMPARTMENT  START TANK +{COMPARTMENT  START TANK |COMPARTMENT COMPARTMENTICOMPARTMENT START TANK COMPARTMENT|START AME  |START COMPART
CQUISITION WITH HEADS WITH HEADS CHANNELS + |WITH HEADS WITH HEADS |WITH HEADS WITH HEADS  [WITH HEADS ~ WITH HEADS WITH HEAD | CONTAINER CONTAINER MENTED  [CONTAINER | CONTAINER
HEADS CHANNELS CHANNELS WITH HEADS
CHANNELS S CHANNELS
AND HEADS AND HEAD AND HEADS
APU ACPS ACPS
APU APU APU
1(2)(3) FC FC FC FC APU APU FC ACPs
suPERCRITICALS FC FC Lss AP
EC/LSS EC/LSS EC/LSS FC FC EC/! U
</ </ </ FC EC/LSS EC/LSS EC/LSS EC/LSS EC/LSS
EC/LSS
RESUPPLIED FC
FROM EG/LSS
OMPS
PUMP COMMON COMMON SAME COMMON SAME COMMON AT SAME COMMON AT SAME SAME RL-10 FOR  SAME |RL-10 RL-10 FOR | RL-10FOR | RL-10 FOR
- AT TANK FOR AT TANK FOR AT TANK FOR TANK FOR LIQUID TANK FOR OMPS, FOR OMPs + OMPS __ | OMPS
LIQUID TO OMPS  LIQUID TO ACPS LIQUID TO OMPS TO OMPS AND LIQUID TO OMPS COMMON AT OMPS REFILL PUMP | AT TANK.
AND TO ACPS HEAT HEAT EXCHANGER AND TO ACPS TO ACPS HEAT DUE TO ACPS TANK FOR AT OMPS FOR ACPS
EXCHANGER RL-10 ENGINES HEAT EXCHANGER EXCHANGER HEAT EXCHANGER ACPS TANKS AND APU
FOR OMPS SEPARATE
FOR APU
PRESSURIZATION(4) He He He IN He He IN He He He He IN He FOR OMPS He |FOR OMPS He He FOR OMPS
START TANK; START TANK; START TANK: GO AND GO2 AND GHp FOR He GO2/GH2
GH2 IN GHp IN GHz IN IJ GHz‘SUPPLIED SUPPLIED OMPS SUPPLIED FROM
LARGE TANK LARGE TANK LARGE TANK FROM ACPS SUPERCRITICAL
FROM ACPS; ACPS
He IN ACPS
He
[) ALL SUPERCRITICAL STORAGE VESSELS EMPLOY VACUUM JACKETS.
2) NO PUMPS USED WITH SUPERCRITICAL STORAGE TANK, Table T.2-1
3) NO ACQUISITION USED WITH SUPERCRITICAL STORAGE TANKS,

4) INDICATED PRESSURANT IS FOR SUBCRITICAL TANKS ONLY,
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These two headings apply only to the subcritical storage tanks, because (1)
vacuum Jjackets were always employed on the supercritical taenkage for these

cases and (2) no acquisition device is needed for supercritical fluids.

When two sets of subcritical tanks are indicated for different arrangements

of subsystem cryogens, the indication of whether or not they are vacuum
Jjacketed is described by listing two statements, one above the other. The
upper one pertains to the first listed tank and the lower one to the second
listed tank. For example in Case IITa, the subcritical OMPS ahd ACPS cryogen
tanks do not have vacuum jackets and the éubcritical APU cryogen tanks do have

vacuum Jjackets.

There are four types of acquisition devices employed for the listed cases.
One device is listed as "compartment with heads". This system employs a mem-
brane in the large tanks that tends to compartmentalize the volume into
smaller sizes that are more amenable to the fluid surface tension, density,
and imposed acceleration. The membrane contains screen-covered holes so that
fluid may transfer from the larger portion of the tank to the compartment.
Negligible pressure differences are obtained between the two regions. Within
the compartment, a series of channels and screened acquisition heads are

arranged to supply fluid to the feed system against the adverse acceleration.

Another acquisition system is called "start tank + channels + heads". This
system is similar to the above described system, except that the compartment
consists of a vessel within the main tank; the vessel is capable of with-
standing several psi differential pressure and can be refilled during OMPS

engine operation.
A third device, identified as "channels + heads", is employed when the tanks
are relatively small. The same principles of utilizing channels and screened

acquisition heads as discussed above are used, but compartments or pressure

vessels are not required, because the tanks are relatively small.

PRECEDING PAGE BLANK NOT FILMED -7

LOCKHEED MISSILES & SPACE COMPANY



IMSC-A881396

The fourth device called a "start container" is an acquisition device placed
in the OMPS tanks only. It is a relatively small hat-shaped screened con-
tainer that is used only for OMPS engine starts. It is not required to con-

tinually supply feed systems against an adverse acceleration.
7.3.3 Pump Arrangements

Two basic pump arrangements have been utilized for the various integrated
systems. One arrangement is to use the RL-10 engine to supply the OMPS
propellant and a new turbopump set to supply the other subecritical systems.
The other arrangement is to utilize a single type of turbopump set to supply
all subsystems, including the OMPS. When & newly designed turbopump set is
employed, it is placed near the tank to minimize tank pressure. This has
been referred to as "pump-at-the-tank" in the various tradeoff studies. When
the RL-10 is employed, it is referred to as "pump-at-the-engine". For the
various cases, there are combinations of these two arrangements that include
(1) using a turbopump set located near the tank to supply all cryogens, (2)
using en RL-10 to supply OMPS propellants and a turbopump set for other sub-
systems, and (3) using only an RL-10 for the OMPS and no turbopump set for
the supercritical systems. 1In case Ia, the turbopump set supplies liquid to
the OMPS thrusters and alternately to & heat exchanger for conditioning and
storage in a high-pressure accumulator. The other subsystems use gas from
the accumulators. Case IIIa employs a similar arrangement but utilizes a

separate pump for the APU, which is designed for that specific purpose,
7.3.4 Pressurization

The pressurization heaeding, shown in Table 7.2-1, applies only to the sub-
critical tanks. Two types of systems were considered here. Either the pre-
pressurant and pressurant is helium or it is warm GO2 or GH2. Generally,
anytime it was necessary to prepressurize, flow the cryogen, and maintain
pressure helium was employed. 1In those cases where the OMPS is separate,

GO2 and GH2 pressurant was investigated.
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7.4 ATTRACTIVE POTENTIAL BASELINE SYSTEMS

The results of the various analys=s are shown in Table T.2-2. Inert weights
and wet weights are noted for each system, and the various advantages and
disadvantages are listed. Systems I and III have been tentatively identified
as good baseline systems.

7.4.1 System Ia Discussion

7.4.1.1 Advantages of System Ta. This system is relatively light, has few

components, and provides straightforward operational characteristics. The
use of common subcritical storage tanks provides a lightweight approach that
has inherent versatility, inasmuch as cryogens may be divided in any fashion
even after the mission has been initiated. These tanks are vacuum-jacketed,
which helps the operational situation in that no helium purge around the

tank is required on the ground and during reentry. The insulation is well
protected. Heat rates to the tank are always controlled - thus, permitting
the tanks to be in an operational state throughout the entire mission.

Vacuum jackets permit the possibility of no venting during reentry and sub-
sequently the potential of helium reclamation from the tank during refill.
The use of common turbopump sets for supplying both the accumulators and the
OMPS thruster provides a minimum number of development items. The location
near the tank along with a low NPSP permits low-tank pressures and net weight
savings. Newly developed thrusters permit a high specific impulse. The
helium pressurant provides a lightweight pressurization system and permits
m&intenance of the propellant in a subcooled state, The reusability and
reliability analysis shows that the systems employing a turbopump set located
at the tank tend to yleld & lower probability of failure than the system with
pumps at the engine, primarily becauée of the added number of chilldown com-

ponents associated with the pump at the engine.

7.4.1.2 Disadvantages of System Ia. System Ia has some disadvantages. New

development is required on the turbopump and OMPS thrusters. A turbopump
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must be developed regardless of what system is selected. A potential problem
area is associated with the acquisition system for the arrangement of System
Ta. The combination of size, fluids, and mission profile creats a difficult
set of design requirements. The large tanks that are required to hold all of
the propellant, including that required for a A V reserve of 500 ft/sec,

cause large dimensions against which surface-tension devices must support

a column of liguid. The combination of low fluid surface tension and/or
relatively high densities causes small or multiple screens to be used to
yield effective capillary forces. To aid this problem, the tanks must be
divided into compartments so that smaller effective dimensions can be achieved;
this adds weight to the system, but the weight is not excessive. The require-
ments of System Ia to withdraw fluid from the tank while on the ground in a
vertical launch position, throughout ascent, during orbital flight, through
reentry, during atmospheric flight, and finally during landing impose a
variety of design conditions that must be handled by a single device. This
can e accomplished by utilizing covers that act as slosh baffles during the
level atmospheric flight end during withdrawal of fluid for the APU and FC.
Although approaches have been developed so that there is confidence that such
a system can be developed, it is worthwhile to identify the acquisition sys-

tem as a potential problem area.
T.k.2 System IITa Discussion

T7.4.2.1 Advantages to System IITa. System IIIa is sattractive, because it

is relatively light and embodies some desirable features that system Ia lacks.
The most significant feature is the separation of the APU and FC and EC/LSS
from the common OMPS and ACPS storage tanks. Those cryogens that are re-
quired to be used in the atmosphere as well as on-orbit are‘placed in their
own vacuum-jacketed tanks. The OMPS and the ACPS propellants are commonly
stored in a nonvacuum-jacketed tank. This requires that the multilayer
insulation be helium-purged during launch and reentry. However, because

the last propellant-flow requirement from the OMPS-ACPS tanks occurs early

in the reentry phase, the tanks can be vented.
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APU reactants are stored separately in their own subcritical vacuum-jacketed
tanks, and each reactant is supplied to the APU with its own pump. The APU

system is entirely separate from the other systems.

FC and EC/LSS cryogens are stored in common supercriticel vacuum-jacketed
tanks. The relatively high-bulk density of the FC reactants makes possible
the use of supercritical tanks at a minimum welght penalty. The relatively
low flowrate from these tanks allows for easy heat transfer (1) to the tanks
for maintaining pressure and (2) to the fluid for conditioning prior to its
supply to the fuel cell module. The environmental control system can easily
supply this heat, and Freon-21 cryogenic heat exchangers can be designed

and controlled, if the Freon flowrate is not permitted to drop.

A common pump at the tank is utilized to supply both the ACPS accumulators
and liquid to the OMPS thrusters. This arrangement is the same as for

System Ta.

The division of the cryogens into separate tankage and separate subsystems
reduces the design requirements placed on any particular component or element,
in that it must be designed only for the particular requirements and mission
parameters peculiar to the specific subsystem. This is éspecially true for
the propellant acquisition system. Design requirements for the propellant
acquisition devices for System IIIa are somewhat reduced from those for
System Ia, inasmuch as each acquisition system need only function under
limited conditions. The acquisition devices in the OMPS-ACPS tanks are very
similar to those in'System Ia in that the tanks are large and compartmenting
is still required. However, the acquisition devices need to operate only
during the relatively low adverse acceleration environments while on-orbit

and during the early phases of reentry.

Acquisition devices in the APU must operate during low gravity (orbital start
of the APU) as well as during one g. However, during the launch phase of
one-g flight, the tanks never drein more than 1/3 of their capacity, and
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drains can be provided near the side and aft portion of the tank and still
function. This drain position then is ideal for the near horizontal portion
of atmospheric flight when the tanks are nearly empty. Since the tanks are
nearly full during low-gravity orbital start, only one or two communication
channels need be provided near the midpoint of the tank to assure supply
during the low-gravity deorbit period. The tanks are relatively small and

tank compartmenting is not required.

The supercritically stored FC and EC/LSS cryogens do not require an acquisi-

tion device.

7.4.2.2 Disadvantages to System IIIa. The drawbacks of System IITa lie

primarily in the following areas:

® Reduced versatility of using the cryogens in alternate

fashions

® Reduced operational flexibility and insulation protection

by not having a vacuum jacket on the OMPS-ACPS tanks

e Additional development required by the larger number of

different components

The first of these drawbacks may not be too severe, because the greatest
protential requirement for flexibility lies in the utilization of orbit
maneuver propellant versus attitude control propellant. Since the pro-
pellants for these two functions are stored in common tanks, a great portion
of the flexibility is retained.

The second drawbéck can be overcome by the utilization of a vacuum Jjacket.

However, the system dry weight would increase.

There is no way around the third drawback, except that development of separ-
ate complete subsystems - such as the APU and FC - might be slightly easier

than more sophisticated integrated systems.
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The greater number of components required by System IIIa does not seem to
Create a significant change in overall system reliability on component re-

placements as compared to System Ia.
7.5 COMPARISON OF THE REUSABILITY AND RELIABILITY OF SYSTEM I AND SYSTEM III

Reusability and reliability analyses are presented in Section 11 of this
report. In these evaluations, comparisons were made of System I and System
ITT Integrated Systems. The comparisons presented in Fig. 7.5-1 are for the
pumps located-at-the-engines but are considered representative of results
for the pump-at-the-tank. These results indicate that both systems have
very comparable probabilities of failure over a given number of missions,
and similar component replacement, even though the storage conditions vary
considerably. This is because those components eliminated by going from
System ITI to System I were ones with low-duty cycles and good lifetimes,
which did not significantly shift the reusability and reliability considera-

tions.
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Section 8

RESULTS OF COMPONENT STUDIES

Component evaluations were given considerable emphasis in the study.
AiResearch was employed as a subcontractor to provide depth to the evaluations.
Lockheed and AjResearch examined each of the potential compénents in the
subsystems. The subsystem sensitivity and tradeoff studies contributed

significantly to the component data. The steps in the evaluation were:

e Component data compilation
¢ Reusability and reliability evaluations

e Component evaluations

The large amount of component data compiled has been presented in the
Task Reports. A summary of the available Task Reports is presented in

Section 12 - References.
8.1 COMPONENT DATA COLLECTION

Lockheed prepared reference subsystems which represented each of the shuttlé
applications. These were examined by Lockheed and AiResearch and components

were specified to satisfy the applications.
Parametric data were generated for:

Valves and regulators
Heat exchangers

Pumps

Tankage

Tank vacuum shells

Feedlines

Feedline components

Fluid acquisition devices
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e Multilayer insulation

e Groundhold and ascent insulation (foams and batting)
Additional data were generated and collected for:

e Electrical motors

e Thermal conditioning units (including control approaches)

e Instrumentation components
Leakage analyses were performed to determine the importance of component
leakage. The analyses examined propellant and helium losses and over-
pressurization as a function of leakage rates.

The results of the component data collection indicated:

® For most of the valving, components satisfying the requirements were

found to be existing.
o Heat exchanger designs were found to be within the state-of-the-art.
® Pump designs were defined, but technology developments are required.

e Fluid acquisition device parametric data indicated that technology

development is required.

e Satisfactory instrumentation components are lacking for certain

applications.
8.2 REUSABILITY AND RELIABILITY EVALUATIONS

Reusability and Reliability were recognized as being closely related and were

evaluated in the same task. An effort was made in the study to increase the
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quantitative assessment of Reusability and to show its relationship to
Reliability. Reliability was presented in terms of providing comparisons
between various approaches. The combining of "Reusability" and "Reliability"
into a single concept term "Predictability", as applied to shuttle concepts,

was explained and recommended.

Data were collected for the evaluations from a number of sources by both

Lockheed and AiResearch. The data included:

® Lifetime estimates
e Most likely malfunction

® Failure rate estimates

~ Reference subsystems were established and initial redundancy evaluations were

"weakest"

performed using a computer program (SETA II) to determine the
components in the subsystems by their effect on Reliability. Failure mode and

effect analyses were also conducted.

Predictability evaluations were performed utilizing the principle integrated'

systems and individual subsystems resulting from the concept studies.

These predictability evaluations compared integrated system approaches and
nonintegrated systems while, at the same time, evaluating the lifetime of
components in their respective duty-cycle applications. Different approaches

to utilizing redundancy were examined in these studies. |
There are two probabilities of failure for consideration in reusable systems:
® The probability of failure per flight (or probability of unscheduled
maintenance), which is a constant for all flights, if constant failure
rates for the components may be assumed. This is essentially a

function of the effective redundancies in the subsystems, and of course,

the failure rates of the components.
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® The probability of failure in "N" number of flights, which does not
relate to the probability of failure per flight but is an excellent
indicator for the comparison of reusable subsystems. This is affected

by the lifetime of the components within the subsystems.

Results of comparisons of different operational modes and different degrees
of integration are summarized in Figure 8.2-1. It may be seen that the
degree of integration had only a small effect on the probability of un-
scheduled maintenance over a given number of flights. The effect of
integration was greater on the "per mission" results shown in parenthesis by

each system.

The modes of operation referenced in Figure 8.2-1, are designated "preselected
operation” and "sequential operation”. "Preselected operation" assumes that
where parallel redundancy exists (FO/FS), a single path would be selected

for operation with only minimal operation of the alternate paths.

"Sequential operation" refers to distribution of the load between the

parallel paths in a relatively equal mamner. The results indicate that
"preselected operation" shows a significant improvement over "sequential
operation” in unscheduled maintenance, both per flight and over a given number

of missions.

An important conclusion resulting from the predictability evaluations was
that component duty cycles for the shuttle cyrogenic supply systems are not
severe from the standpoint of component wearout. Material lifetimes from
the standpoint of environmental exposure are likely the most important
factors influencing maintenance. Degradation of organic materials was
identified as the most severe lifetime constraint. The malfunction of
bellows and diaphragms in cryogenic components was identified as a

significant failure mode.
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8.3 TECHNOLOGY EVALUATIONS

The identification of needs for technology improvements and advancements
was considered a major program objective. Technology assessments were

made during all phases of the contract. The detailed analyses were utilized
to determine the sensitivity of the subsystems to technology status, such as
insulation effectiveness. AiResearch assisted in these evaluations by
examining component technology requirements. In the examinations, the

identified technology items were classified as:

Basic data requirements

Improvements in analytical techniques
Mechanical and electrical components
Instrumentation and control

Tankage

Feedlines and feedline components
Propellant acquisition

Insulation

Subsystem technology development

A significant conclusion resulting from the study was that the majority of
the identified improvements considered to be necessary or desirable for the
supply system components can be classified as design improvements rather than
technology advancements. $he major technology advancements and/or design

improvements identified are summarized in Table 8.3-1.

The technology requirements considered to be the most significant are:

® Propellant Acquisition

Propellant acquisition is considered to be the major requirement for

technology advancement. The propellant-acquisition devices must be
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developed for the required vehicle accelerations and must have the

necessary thermal integrity. These propellant acquisition devices will

be subject to gas injection from being stressed without being in contact
with liquid. During the start transient, the pressure drop from accelerating
ligquid will provide a different source of stress on the acquisition device.
The bubble pressure of the screen must resist pull-through during the

acceleration of flow.
e Cryogenic Pumps
The eryogenic pumps are identified as the second significant technical
problem. The pumps were not listed as the primary problem, since
alternatives exist that can relax the requirements for rapid start transients.
e Groundhold, Ascent, and Reentry Insulation
Insulations, such as foam or gas barrier that must perform in the
atmosphere, are considered to be major thermal protection problems. The
principal problems here are related to physical problems and reusability.
® Pressurization Analytical Techniques
Pressurization and related stratification evaluations present the major
problems in analytical techniques. The potential benefits from optimizing

pressurization are equal to significant gains in thermal protection effective-

ness.
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Basic Data

Improvements
In Analytical
Techniques

Mechanic and
Electrical Components

Instrumentation
and Control

Tankage

Feedline and
Feedline Components

Propellant Acquisiton

Insulation

Subsystem
Technology

1)

@)

@)

@)

©®)

(6)

Extension of data
on solubility of

bhelium in cryogenics

Hydrogen flame
data

Fracture
mechanics data

Organic material
lifetime data for
shuttle mission
profiles

Cryogenic-fluid
capillary-retention
properties

General bellows
data

(1) Improvements in
pressurization
analytical techni-
ques

(2) Improvements in
cryogenic-fluid
stratification
analyses

(3) Analysis of insu-
lation purging

(1) Cryogenic pumps
for ACPS

(2) Cryogenic pumps
for APU

(3) Cryogenic-cooled
electrical motors

(4) Cryogenic disconnect

improvement

(5) FO/FS actuator
designs

1)

@)

@)

(4)

Pressure switch
lifetime improve-
ment

Liquid-hydrogen
pressure-transducer
development

Leakage~-detection
devices

Temperature-
controlled venting

(1) Composite material

development and

iifetime evaluation

(2) Vacuum shell
improvement

(1) Aluminum feedline

development

(2) Vacuum sealoff

valve improvement

(1) Device Develppment

(1) Groundhold, ascent,
and reentry insula-
tion

(2) Feedline insulation

(3) Breathing insulation

system testing

(1) Liquid/liquid
attitude control

(2) Electrical inte-
gration of the
cryogenic sub~-
systems

(3) Subsystem inte-
grated control

(4) Cryogenic cooling
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Section 9

SUBSYSTEM SENSITIVITY AND TRADEOFF ANALYSES

As previously noted, the subsystem sensitivity and tradeoff analyses were
performed with consideration that the subsystems would principally function
as individual subsystems and not as part of the integrated systems. The
subsystem tradeoff analyses are provided in this section of the Interim

Report in sufficient depth to:

Provide an understanding of the detailed approach
Explain the analytical methods that were employed

Present the results of sensitivity studies

Display the detailed tradeoff studies to a greater depth than

presented in the previously presented results.
9.1 ORBIT MANEUVERING PROPELLANT SUPPLY (OMPS)

The Orbit Maneuvering Propellant Supply (oMPS) subsystem, which involved
more analyses and evaluations than the other subsystems, is the principal
key to the possible integration of the orbiter subsystems. The overall
approach employed in the OMPS sensitivity and tradeoff analyses is presented
in Fig. 9.1-1.

9.1.1. BSelection of Candidate Subsystems

Major differences between the OMPS subsystem arrangements are established by:

e Vehicle configuration constraints’

- ©Single tanks

- Dual tanks (cascaded or noncascaded)
e Location of pumps

- Pumps at-the-engines

- Pump at-the-tank
e Start Tanks
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These differences in overall approach are shown in Fig. 9.1-2. Spacecraft
layouts were presented in Section 4. Important characteristics associated
with the engines and pumps for the pump at-the-engine and the pump at-the-tank
were presented in Section 5. The possible general perturbations of the com-

ponent arrangements within the OMPS are presented in Fig. 9.1-3.

9.1.1.1 Schematics for Component Evaluations at AiResearch. Orbit

Maneuvering Propellant Supply schematics systems were prepared and submitted
to AiRegearch for the selection of components. These schematics, presented
in Appendix E, were formulated to represent the possible component arrange-
ments presented in Fig. 9.1-3. Also, the schematics were used to perform
the initial redundancy analyses using the SETA II computer program. The
identified redundancies (presented in Appendix E) established the least-

reliable components in the subsystems.

9.1.1.2 Schematics for Sensgitivity and Tradeoff Studies. Detailed schematics

were prepared for the OMPS concepts for use in the tradeoff and evaluation
studies. These schematics were put through several iterations, which
principally were the result of examinations regarding compliance with safety

criteria and with instrumentation and control.

In addition to those major items previously listed that differentiate the

systems, several others are noted that provide similarities or differences:

o Retention of propellants in lines or dumping propellant

If the propellants are not retained in the feedlines, it is necessary

to provide a chilldown capability

If the propellants are retained in the lines, it is necessary to

provide a hydrogen-cooling system.
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® DPrepressurization and pressurization accumulators

If helium pressurization is used, it is assumed that the tanks

are continuously pressurized.

If gaseous propellant engine bleed is employed, prepressurization
accumulators must be provided. (In an integrated system, these
can be provided through the gas accumulators used for ACPS and other

functions, )

o Acquisition devices for engine-restart only

When the OMPS is evaluated as an individual subsystem, the
acquisition device need only be a restart one that is filled after

each start.
The selected candidate schematics are discussed in the following paragraphs:

1. BSingle Tanks - Pump at-the-Engine-GHe Pressurization - Propellants
Lost After Engine Operation (5 and 12 dumps). The schematic for
this system is presented in Fig. 9.1-4.

2. Single Tanks - Pump at-the-Engine-GHe Pressurization - Propellant
Retained in the Lines (One dump) - Vacuum-Jacketed Tanks and Lines.
This differs from the previous schematic only by the feedline
cooling (see Fig. 9.1-4). A separate schematic is not shown. This
schematic has no provisions for an initial line cooldown, since the
lines will be filled on the ground prior to launch.

3. Single Tanks - Pump at-the-Engine-GHe Pressurization - Propellant
Retained in the Lines (One dump) - Nonvacuum-Jacketed Tanks and
Lines. This version of the concepts has line chilldown in addition
to the line cooling. The schematic is not shown.

L. Single Tank - Pump at-the-Engine-GO,./GH_ Pressurization - Propellants
Lost after Fach Engine Operation (5 and”12 dumps). This schematic
is quite similar to the schematics using GHe pressurization with the
provisions for engine bleed, The schematic is shown in Fig. 9.1-5.
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13.
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Single Tank - Pump at-the-Engine - GO _/GH_  Pressurization - Propellants
Retained in the Lines - Vacuum-Jacket&d Tanks and Lines. This
schematic is not presented. Tt is the same as the previous schematic
with line cooling added (see Fig. 9.1-5). There are no provisions for
line chilldown.

Single Tank - Pump at-the-Engine - GOA/GHA Pressurization - Propellants

Retained in the Lines - Nonvacuum-Jacketed Tanks and Lines. This
schematic is not presented. There are provisions for line chilldown.

Single Tank - Pump-at-the-Tank - GHe Pressurization - Propellants
Lost After Engine Operation. This entire schematic is not shown.
Modifications required to put the pump at-the-tank are shown in
Fig. 9.1-6.

Single Tank - Pump at-the-Tank - GHe Pressurization - Propellants

Retained in the Lines - Vacuum-Jacketed Tanks and Lines. This
schematic is not presented. No provisions for line chilldown are
required.

Single Tank - Pump at-the-Tank - GHe Pressurization - Propellants

Retained in the Lines - Nonvacuum-Jacketed Tanks and Lines. This
schematic is not presented. Provisions for line chilldown are
required.

Single Tank - Pump at-the-Tank - GO, /GH_ Pressurization - Propellants
Lost After Each Engine Operation. This“schematic is Fig. 9.1-5,
modified as shown in Fig. 9.1-6.

Single Tank - Pump at-the-Tank - GO /GH Pressurization - Propellants
Retained in the Lines - Vacuum-Jack€ted“Tanks and Lines. Schematic
not presented. ‘

Single Tank - Pump at-the-Tank - GO _/GH Pressurization - Propellants
Retained in the Lines - Nonvacuum-Jackefed Tanks and Lines. Schematic
not presented.

Dual Tanks - Pump at-the-Engine - GHe Pressurization - Propellants
Lost After Each Engine Operation., Schematic presented in Fig. 9.1-7.

Dual Tanks - Pump at-the-Engine - GHe Pressurization - Propellants
Retained in the Lines - Vacuum-Jacketed Tanks and Lines. Schematic
presented in Fig. 9.1-8.
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16.

17.

18.

19.

20.
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Dual Tanks - Pump at-the-Engine - GHe Pressurization - Propellants
Retained in the Lines - Nonvacuum Jacketed Tanks and Lines.
Schematic presented in Fig. 9.1-9.

Cascade Tanks - Pump at-the-Engine - GHe Pressurization -
Propellants Lost After Each Engine Operation. Schematic presented
in Fig. 9.1-10,

Single Tanks with Start Tanks - Nonintegrated - Pump at-the-Engine -
GHe Pressurization in Start Tanks - G02/GH Pressurization in the
OMPS Tanks - Propellants Lost After EaCh Efigine Operation. A
separate schematic was not required for the evaluation of this
approach. This is not a strong concept in a nonintegrated system.

Single Tanks with Start Tank - Nonintegrated - Pump at-the-Engine -

GHe Pressurization in Start Tanks - GO2/GH Pressurization in the
OMPS Tanks - Propellants Retained After Eagh Engine Operation.

Detailed schematic not required.

Single Tanks with Start Tanks - Nonintegrated - Pump at-the-Tank -

GHe Pressurization in Start Tanks - GO_/GH_ Pressurization in the
OMPS Tanks - Propellants Lost After Eagh Eggine Operation. Schematic

not required.

Single Tanks with Start Tanks - Nonintegrated - Pump at-the-Engine -

GHe Pressurization in Start Tanks - GO./GH_ Pressurization in the

OMPS Tanks - Propellants Retained Aftgr Egch Engine Operation.

Schematics not required.
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9.1.2 Detailed Subsystem Analyses

The analyses reported in this section are exclusive of sensitivity and
tradeoff studies, which are presented in other sections. Information
presented here relates to the collection of data and the evaluation of

certain approaches.

9.1.2.1 Pressurization Analyses. These analyses were performed to produce

parametric data of general use in the sensitivity and tradeoff studies. The
resulting data is principally presented in Appendix C, along with a discussion
of the procedures. Specific pressurization analyses and the application of

these data were made in the tradeoff and sensitivity studies.

A comparison of the gas weights associated with helium- and oxygen-vapor
pressurization of the cooled OMPS oxygen tanks indicates that the residual-
vapor weights are larger for the equivalent oxygen-vapor pressurization cases.
In addition, both the prepressurant and expulsion oxygen-vapor weights are

greater than the helium weights.

The comparison of equivalent helium- and hydrogen-vapor pressurization of the
OMPS hydrogen tanks indicates that the residual-hydrogen-vapor weights are
larger for the hydrogen-vapor pressurization cases. The helium weights are
greater than the sum of hydrogen-vapor prepressurant and expulsion-pressurant

weights.
An important consideration is that only helium pressuriéation can assure that
the propellants in acquisition devices are subcooled. Propellant gas

pressurization results in saturation after shutdown.

Overall conclusions regarding pressurization approaches are provided in the

tradeoff studies and cannot be obtained from the pressurization results alone.

9.1.2.2 Thermal Protection. The thermal protection system analyses are

discussed in Appendix C. Additional thermal protection analyses were performed

in the sensitivity and tradeoff studies.
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9.1.2.3. Feedline Chilldown and Cooling Analyses.

9.1.2.3.1 Feedline Chilldown. If the propellants are not maintained in the

feedlines by cooling, chilldown of the feedlines to the engines is required
prior to several engine operations. ©Should a valve in the feedline open,

a pressure rise can rapidly occur.

Feedline chilldown computations were performed for three basic feedline
configurations: +two hydrogen-feed systems and a single oxygen-feed system.
Schematic diagrams of the three system configurations are shown in Figs.
9.1-11, 9.1-12, and 9.1-13; a list of the pertinent thermodynamic character-
istics is shown in Table 9.1-1. The L02 system and the LH2 aft system are

identical, except that the LO_ feedlines immediately downstream of each tank

2
have different diameters.

The computation of chilldown times and mass of vaporized-chilldown propellant
relied primarily on the method reported in Ref. 9~1. This method assumes

that the cooldown behgvior of the feedline is controlled by the resistance

to the flow of boiloff gas, rather than the resistance to the transfer of

heat into the fluid. In the latter case, if the flow resistance is unimportant
relative to the heat-transfer resistance, the entire line could be filled with
the cryogenic fluid in a short time when compared to the chilldown time. In
this case, the temperature histories at all stations along the pipe will

essentially coincide. The chilldown time may then be approximated by

A»
o~ F®a
W

H

where: H = total enthalpy change of the pipe material during
chilldown
h = mean fluid-to-wall heat-transfer coefficient

sz wall area

)

T= mean chilldown-temperature difference.
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KEY

1. SUMP

2. 4 IN. LINE - 100 IN. LONG
3. 45 DEG ELBOW

4. PRESSURE VOLUME COMPENSATOR
. 4 IN. LINE - 690 IN. LONG
. Y-TRANSITION FITTING - 4 IN. TO 3IN.
. ENGINE PREVALVE (2}

. GIMBALLED BELLOWS (6)

. 3IN. LINE - 100 IN. LONG
. 3IN. LINE - 150 IN. LONG
11. 45 DEG ELBOW (2)

12. 3 IN. SHORT LINE (2)

13. PUMP INTERFACE FLANGE (2)
14, FEED/FILL TEE

15. 21N, LINE - 200 IN. LONG
16. PIVOTED BELLOWS

17. 90 DEG BELLOWS

18. 2IN. LINE - 200 IN. LONG
19. GIMBALLED BELLOWS

20. FILL SHUTOFF VALVE

21. FILL DISCONNECT

-
SCOomNOL

Fig. 9.1-11 Liquid Hydrogen Line Chilldown Model — LH2 Forward

e

1. 40-DEG ELBOW - (2)

2. LINE-70-IN, LONG (EXP 0,27 IN, (2)
3, PRESSURE VOLUME COMPENSATOR - (2)
4, Y-FITTING - 100-DEG THROAT ANGLE
5, FEED-FILL TEE-3IN. TO 21N,

6. ENGINE FEED TEE

7. ENGINE PREVALVE -~ (2)

8. LINE - 75 IN, LONG (EXP 0,28 IN.,}
9. LINE - 85-IN, LONG (EXP 0,32 IN.)
10, PIVOTED BELLOWS ~ (2)

11. 90-DEG ELBOW - (2)

12, LINE - 25-IN. LONG (EXP 0.95 IN. (2)
13, GIMBALLED BELLOWS - (4)

14, PUMP INTERFACE FLANCE - (2)

15. FILL SHUTOFF VALVE

16, LINE ~ 25-IN, LONG (EXP 0,95 IN.)
17. PIVOTED BELLOWS

18, 90-DEG ELBOW

19. LINE - 40-IN. LONG (EXP 0,15 IN.)
20. FILL DISCONNECT
21. GIMBALLED BELLOWS

Fig. 9.1-12 Liquid Hydrogen Line Chilldown Model — LI-I2 Aft
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KEY:

1. 40-DEG ELBOW - (2)

2. LINE - 70-IN. LONG (EXP 0.27-IN.) - (2)
3, PRESSURE VOLUME COMPENSATOR - (2) .
4, Y-FITTING - 100-DEG THROAT ANGLE
5, FEED-FILL TEE - 3-IN, TO 2-IN,

6. ENGINE FEED TEE

7. ENGINE PREVALVE - (2)

8. LINE - 75-IN. LONG (EXP. 0.28-IN.})

9. LINE - 85-IN, LONG (EXP. 0,32-IN.)
10, PIVOTED BELLOWS - (2)

11, 90-DEG ELBOW - (2)

12. LINE - 25-IN, LONG (EXP 0.95-IN.,) - (2)
13, GIMBALLED BELLOWS - (4)

14, PUMP INTERFACE FLANCE ~(2)

15. FILL SHUTOFF VALVE '

16. LINE - 25-IN. LONG (EXP, 0.95-IN.)
17. PIVOTED BELLOWS

1€, 90-DEG ELBOW

19. LINE - 40-IN, LONG (EXP, 0.15-IN.)
20, FILL DISCONNECT

21. GIMBALLED BELLOWS

Fig. 9.1-13 Liquid Oxygen Chilldown Model — ]'_.O2 Aft
Table 9.1-1
OMPS FEED SYSTEM CHARACTERISTICS

Average -Initial Initial Propellant | Chilldown Enthalpy
Configuration Flow Area Temperature | Sat. Pressure Change Required

(in2) (R) (psia) (Btu)
LH2 Forward 2.91 500 18 2,764
H, Aft - 1.06 500 I8 2,173
10, 5.76 1 s00 18 1,979

Nctes: (1) All lines are 2219 T87 Aluminum Alloy, 0.025-in. wall thickness.

(2) Fittings, bellows, and valves are 3211347 stainless steel.
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The opposite extreme, termed a flow-controlled chilldown, is that in which
the resistance to heat flow is very small. In this case, the pipe temperature
at a given point will drop instantly to the liquid temperature as soon as

the liquid reaches that point. The progress of the cold front along the pipe
is controlled by the rate at which the boiloff gas can be forced out of the
pipe end. The details of the chilldown computation for this case are

explained in Ref. 9-1.

In applying the simplified analysis method, it was assumed that the thermal
mass of the elements making up the feed system (valves, lines, bellows, ete.)

was uniformly distributed along the line.

Estimates of peak surge pressure for both unrestricted lines and lines
containing inlet and outlet restrictions were obtained using the data of
Refs. 9-2 and 9-3.

Results of the basic chilldown calculations are shown in Table 9.1-2. The
computed chilldown times for all the configurations are very small; however,
the vaporized-propellant masses are appreciable. The addition of inlet-

and exit-flow restrictions (orifices), to simulate the addition of small-
diameter bypass lines, produces an increase in chilldown time with a small
reduction in chilldown propellant mass. Peak surge pressures can be very
high - up to six times the inlet pressure with LO2.
The effect of the addition of an inlet-flow restriction i& illustrated in
Fig. 9.1-1k. Rapid'reduction in peak surge pressure with decreasing inlet
orifice diameter indicates that the use of a smalL—diametef bypass line
could provide the necessary cooldown flow while limiting pressure surges

to very low values.
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Table 9.1-2
RESULTS OF FEEDLINE/CHILLDOWN COMPUTATIONS

Feed Mean Line Ir:)lc:};’?ct;tlet Chilldown Chilldown Estimated Max m
System Diameter Diameters Time Propellant Surge Pressure
Configuration lin.) tin.) (sec)i (Ib) (psia)
LH, Forvard 1.50 None 5.1 LA 75.0
LH2 Forward 1.50 0.50/0.50 22.1 14.6 - 305
LH2 Aft - 3.00 None 2.8 26.2 75.0
LH2 Aft 3.00 1.00/1.00 12.5 22.0 305
LH, Aft 7.00 None | 42 39 . 15.0
LH, Aft LOO(Z) 0.25/0.25 ~170 3.8 8.5
LO2 _‘2.7!(2) None *5.0 32.0 1 -~ 150.0
LO2 2.71 _ 0.25/0.25 313 2.0 5.0
‘t(}z- - ~1.00 None o.1 3.2 BUT
LO2 1.00 0.125/0.125 ~300 1.9 - 30.0
Notes: () Inlet Pressure = 25 psia
{2) Upstream Line Diameter = 2.00 in.
150
140

0o - 10,-0-1.0"

- . ja— LH, ARt-D-1.0"
00 _ '
% / [ 10,-0-2.0"
0 / LH,, Fwd-D=1.5"

S r
0 |/ [/ /
% [ 1/ / pd
NS e

/. v

Péak'Pressure Surge, psia

~Z U, A-0-3.0°

.o 2.0 3.0
{nlet Orifice Diameter, Inches

Fig. 9.1-14 Effect of Inlet Flow Restrictions on Surging
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9.1.2.3.1 Feedline Cooling. If the propellants are left in the feedlines

(for cases when only one loss of propellant feedlines is planned), feedline
cooling is necessary to intercept heat leakage. Feedline cooling may be per-

formed by hydrogen cooling or by circulation of propellants.

Evaluations have been made of the requirements of hydrogen for feedline cooling.
A summary of these requirements is presented in Table 9.1-3. Note that require-
ments for continuous cooling are in the same order-of-magnitude as that required

for five chilldowns prior to start, as presented in Table 9.1-2.

Also, evaluations were made of feedline cooling by recirculation of propellants.

The parameters considered included:

a. Feedline length and diameter (typical of the NAR and MDC vehicle

configurations).

b. Feedline and circulation-line insulation (NRC-2) thicknesses (1/2
in. on feedlines with 1/4 in. on circulation lines, and 1 in. on

feedlines with 1/2 in. on circulation lines).
c. Engine heat-leak rate (10 Btu/hr and 20 Btu/hr per fluid per engine).

d. Circulation flowrate.

Ma jor heat leak sources into the feedline system include: through the feed-
line insulation, from the engine, and through the circulation-line insulation.
Heat leak through valves and other components is considered to be minimal

through the use of insulated covers with very small heatleaks.

The total temperature-rise semsitivities to the various feedline system para-
meters are shown in Figs. 9.1-15 through 9.1-18 for both vehicle configurations
and both propellants. Also shown in each figure is (1) a sketch of the system
layout with the circulation lines included; and (2) in tabular_form, the total
energy returned back to the storage tanks over a 168-hr mission. This energy
must be extracted, if a Hpo thermal control unit is used. In most cases, the

Hp vented from the LH, tanks is more than sufficient to cool the LO, tanks (each
pound of Hp used to cool the LH2 tanks contains about 144 Btu of cooling capa-
bility for the LO, tanks).
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Table 9.1-3
FEEDLINE COOLING REQUIREMENTS

LMSC~A991396

Prop. in | Cooling
Line Feedlines | Hydrogen
Tankage Pump Location | Transient | Prop. Dia.lin.) | (i) Reg.

Single Tank Pump at Engine RL-10 LO2 3 92 (30} Zero
LH2 aln 6 1o

Pump at Tank RL-I0 LO2 | 6 (22) Zero
LH | 0.5 55

2

Dual Tank Pump at Engine RL-10 LO2 2n3 50 (55) Zero
LH2 n 5 132

Cascade Tanks Pump at Engine RL-10 LO2 3 52 (30) Zero
I.H2 4 7 122

Single Tank Pump at Engine New I.O2 2112 36 (28) Zero
LH2 314 5 68

Pump at Tank New L02 | 6 (22) Zero
LHZ | 0.5 55
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INSULATION  HEAT LEAK RETURNED TO LO& 1)’
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TOTAL ENERGY

ANKS

|

THICKNESS  PER ENG (168 HR MISSI
(IN.) (BTU/HR) (BTL)
V2 10 14, 800
V2 0 19, 800
I ) 10,750
I 20 15, 800

TOTAL TEMPERATURE RISE (°R)
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“pump = V2 “10

| ]
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D03802

150

200 250 300 350
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Fig. 9.1-15 OMPS Feedline Circulation Flow Effects —
NAR 1O, System (3 Engines)
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THICKNESS PER ENG,  TANKS Eléa HR MISSION)
(IN) (BTU/HR) BTU)
2 V2 ) - 30,400
T . ]
- V2 20 33,800
2 | 10 19, 100
w R 20 24,200
2 4 4
g
=3
d ) ]
< wpump = V2 « 1o1AL
o)
—
2
e Q PER ENG - 10BTYHR
.- |
N Q PER ENG = 20 BTU/HR
V2IN, NRC-2
1IN, NRC-2
0 4
0 50 100 150 200 250
TOTAL CIRCULATION FLOWRATE (LB/HR)
D03816

Fig. 9.1-16 OMPS Feedline Circulation Flow Effects —
NAR LH2 System (3 Engines)

9-3h

LOCKHEED MISSILES & SPACE COMPANY



IMSC-A991396

I N

TOTAL ENERGY
6 INSULATION HEAT LEAK RETURNED TO LO2

THICKNESS PER ENG,  TANKS (148 HR MISSTON)|
{(IN.) (BTU/HR) (87W)
V2 10 24,400
& 3 : V2 20 27,700
- T 10 14,800
a 1 20 18, 150
(4
w 4 T
g \ Q PER ENG = 10 BTU/HR PUMP
& Q PER ENG = 20 BTU/HR
z 3 =
— .
2 \< “pump =
— —
| — ] /2 IN, NRC-2
T | N, NRC-2
. .
0 50 100 150 200 25 300 350 400

TOTAL CIRCULATION FLOWRATE (LB/SEC)

DO3798
Fig. 9.1-17 OMPS Feedline Circulation Flow Effects —
MDC LO, System (2 Engines)
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Fig. 9.1-18 OMPS Feedline Circulation Flow Effects —

MDC LH2 System
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Tump power requirements for these low-flowrates with the resulting low-

pressure drops are negligible (less than 1 hp) and, thus, were not plotted.

9.1.2.4 Propellant Acquisition. When the Orbit . Maneuvering Propulsion

Supply is not part of an integrated system, the propellant scquisition
components need on